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ABSTRACT
The Powers T e s t  i s  u se d  t o  e s t a b l i s h  
l i m i t i n g  w a te r -c e m e n t  r a t i o s  f o r  c o n c r e t e  under v a r ­
io u s  e x p o su r e  c o n d i t i o n s .
M ortar p r ism s  were c a s t  from a s e r i e s  
o f  m ix e s ,  (b o th  a i r - e n t r a i n e d  and non a i r - e n t r a i n e d ]  
c o v e r in g  a range o f  w a te r -c e m e n t  r a t i o s  from 0 .4 0  to  
0 . 7 0 .  A f t e r  b e in g  m o is t  cured f o r  one month th e  
p r ism s  were th e n  c o n d i t io n e d  a t  v a r io u s  d e g r e e s  o f  
s a t u r a t i o n ,  ( t o  s im u la te  e x p o su r e  c o n d i t i o n s )  and sub­
j e c t e d  t o  th e  Powers T e s t  -  a c o o l in g  p ro ced u re  w hich
0
i n v o l v e s  c o o l in g  a t  th e  r a t e  o f  a p p r o x im a te ly  - 5  F 
p e r  hour i n  th e  f r e e z i n g  z o n e .  U s in g  d a ta  e s t a b l i s h ­
ed from th e  Powers T e s t  l e n g t h  change v s .  tem p era tu re  
p l o t s  were used  to  e v a l u a t e  th e  f r o s t  s u s c e p t a b i l i t y  
o f  th e  m ixes  and a c c o r d in g ly  t o  l i m i t  th e  w a ter -c em en t  
r a t i o  f o r  f r o s t  r e s i s t a n t  c o n c r e t e .
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CHAPTER I 
INTRODUCTION
B efo re  1900 most o f  th e  work on th e  behav­
io u r  o f  c o n c r e te  exp osed  to  f r e e z i n g  and thaw ing  was prim­
a r i l y  concerned  w i t h  th e  d e g r a d a t io n  o f  b u i ld in g  s to n e  and 
c o n c r e te  a g g r e g a t e s ,  and the b e h a v io u r  o f  c o n c r e te  p la c e d  i n  
f r e e z i n g  w e a th e r .  A p p a ren tly  th e  e f f e c t  o f  th e  r e p e t i t i o n  
o f  f r e e z i n g  and thaw ing  c y c l e s  was n o t  c o n s id e r e d  u n t i l  a f t e r  
th e  tu r n  o f  th e  c e n tu r y .  From th a t  t im e u n t i l  1939 com press­
i v e  s t r e n g t h  was c o n s id e r e d  th e  c r i t e r i o n  f o r  d u r a b i l i t y .  How­
e v e r ,  i n  th e  l a t e  1 9 2 0 's  and e a r l y  1 9 3 0 's  th e r e  was c o n s id e r ­
a b le  r e s e a r c h  i n  th e  f i e l d  o f  c o n c r e te  d u r a b i l i t y .  A l l  t h e s e  
r e s e a r c h e s  r e s u l t e d  i n  recom m endations f o r  p ro d u c in g  d u r a b le  
c o n c r e te  p u b l i s h e d  i n  th e  J o in t  Committee R eport on c o n c r e te  
and r e in f o r c e d  c o n c r e t e ,  (June 19^0) ’where th e  id e a  o f  s p e c i f y ­
in g  l i m i t i n g  w a ter -c em en t  r a t i o s  f o r  e x t e r i o r  c o n c r e te  was 
in tr o d u c e d .  Maximum w ater-cem en t r a t i o s  were e s t a b l i s h e d  f o r  
d i f f e r e n t  t y p e s  o f  c o n s t r u c t io n  and exp o su re  c o n d i t i o n s .  In  
19Z|2 Codes o f  p r a c t i c e  were e s t a b l i s h e d .  These recom m endations  
a r e  found i n  many p u b l i c a t i o n s  and are  s t i l l  a c c e p te d  a s  c r i ­
t e r i a  f o r  p ro d u c in g  d u r a b le  c o n c r e t e .  In 1946 w ith  th e  ad­
v e n t  o f  a i r - e n t r a in m e n t  th e  recommended w a ter -c em en t  r e q u ir e ­
ments f o r  d i f f e r e n t  exp osu re  c o n d i t io n s  were low ered  r a t h e r  
th an  r a i s e d  -  a s tr a n g e  approach c o n s id e r in g  th e  enormous 
b e n e f i c i a l  e f f e c t  o f  a ir - e n tr a in m e n t  on d u r a b i l i t y .  These
1
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recom m endations rem ained v i r t u a l l y  unchanged i n  th e  1945, 
'53 and '5 4 ,  A .C .I .  Codes o f  P r a c t i c e .  I t  i s  f e l t  t h a t  
th e  b a s i s  o f  t h e s e  l i m i t i n g  w a ter -c em en t  r a t i o s  i s  n o t  to o  
s c i e n t i f i c  and i t  i s  th e  p u rp ose  o f  t h i s  r e s e a r c h  p r o j e c t  
t o  d e v e lo p  d a ta  u s in g  a o n e - c y c l e  f r e e z i n g  t e s t  w hich  ’w i l l  
form a more r a t i o n a l  b a s i s  on w hich  to  e s t a b l i s h  l i m i t i n g  
w a ter -c em en t  r a t i o s  f o r  d i f f e r e n t  e x p o su r e  c o n d i t i o n s .
2
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CHAPTER I I
MECHANISMS OF FROST DAMAGE IN CEMENT PASTES
In  o r d e r  to  a p p r e c ia t e  th e  n a tu r e  o f  f r e e z e -  
thaw brealtdown o f  c o n c r e te  i t  i s  d e s i r a b l e  to  c o n s id e r  some 
o f  th e  t h e o r i e s  r e l a t i n g  to  th e  mechanism o f  f r o s t  damage i n  
cement p a s t e s .
Powers (1 9 5 5 )  g i v e s  a d e t a i l e d  d e s c r i p t i o n  
o f  th e  v o i d  sy s te m s  i n  cement p a s t e s .
"While cement i s  h y d r a t in g  cement g r a in s  
i n  th e  p a s t e  become r e p la c e d  by o t h e r  p h y s i c a l l y  and chem ic­
a l l y  d i f f e r e n t  m a t e r i a l s .  B e in g  g r a n u la r  i t  has a c h a r a c t e r ­
i s t i c  p o r o s i t y ,  a p p r o x im a te ly  25 p e r c e n t .  The g r a n u le s  
c a l l e d  g e l  p a r t i c l e s  a r e  e x c e e d i n g l y  s m a l l ,  and i n t e r s t i t i a l  
s p a c e s  among them a r e  c o r r e s p o n d in g ly  s m a l l .  These s p a c e s  
c a l l e d  g e l  p o r e s  a re  i n  f a c t  so s m a l l  t h a t  w a ter  can n ot  
f r e e z e  i n  them a t  any tem p era tu re  w i t h i n  th e  range o f  i n ­
t e r e s t .
The space  o c c u p ie d  by cement g e l  i s  more 
th a n  t w ic e  t h a t  o f  th e  cement consumed i n  p ro d u c in g  th e  g e l .  
C o n seq u e n tly  g e l  n o t  o n ly  r e p l a c e s  o r i g i n a l  cement but a l s o  
f i l l s  some o f  th e  o r i g i n a l l y  w a t e r - f i l l e d  s p a c e .  The d e g r e e  
t o  w h ich  th e  o r i g i n a l l y  w a t e r - f i l l e d  sp a c e  becomes f i l l e d  
w it h  g e l  dep en d s on how much o f  th e  cement has become hy­
d r a te d  and on th e  amount o f  w a t e r - f i l l e d  sp a ce  o r i g i n a l l y  
p r e s e n t .  In  o t h e r  words i t  dep en d s on th e  w /c  r a t i o  o f  th e
3
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p a s t e  and on th e  e x t e n t  o f  h y d r a t io n  o f  th e  cem ent.
R e s id u e s  o f  o r i g i n a l l y  w a t e r - f i l l e d  space  
c o n s t i t u t e  an in t e r c o n n e c t e d  netw ork o f  c h a n n e ls  th rou gh  
t h e  g e l ,  o r  c a v i t i e s  in t e r c o n n e c t e d  o n ly  by g e l  p o r e s  d e ­
p en d in g  on th e  d e g r e e  to  w hich  g e l  f i l l s  th e  a v a i l a b l e  sp a c e .  
These s p a c e s  a re  c a l l e d  c a p i l l a r y  p o r e s  o r  c a p i l l a r y  c a v i t i e s  
o r  i n  g e n e r a l ,  c a p i l l a r i e s .  They a re  l a r g e  enough f o r  w a ter  
to  f r e e z e  In  them. F ig u r e .!  i s  a s i m p l i f i e d  diagram  o f  th e  
p o re  s t r u c t u r e  o f  P o r t la n d  cement p a s t e .
T h is  a c c o u n t  p r e s e n t s  t h r e e  main f a c t o r s  
c o n t r o l l i n g  th e  f r o s t  r e s i s t a n c e  o f  a  cement p a s t e .  These  
a r e :
(1 )  The h ig h e r  th e  o r i g i n a l  w a ter -c em en t  
r a t i o  th e  h ig h e r  w i l l  be th e  p e r c e n ta g e  o f  w a te r  f i l l e d  
c a p i l l a r i e s  p er  u n i t  volume o f  p a s t e .
(2 )  The more com p le te  th e  h y d r a t io n ,  th e  
lo w e r  w i l l  be th e  p e r c e n ta g e  o f  w a t e r - f i l l e d  c a p i l l a r i e s  
p e r  u n i t  volume o f  p a s t e ,  ( f o r  a g i v e n  w a ter -c em en t  r a t i o )
(3 )  The amount o f  w a te r  t h a t  f r e e z e s  i n  any  
g i v e n  hardened p a s t e  i s  g r e a t e r ,  t h e  lo w e r  th e  te m p e r a tu r e ." 
Powers (1 9 5 3 )
An a p p r e c i a t io n  o f  th e  p h y s i c a l  c o n s t i t u ­
t i o n  o f  cement p a s t e s  a s  d e s c r ib e d  i n  t h e  f o r e g o in g  i s  
n e c e s s a r y  I n  o r d e r  to  u n d erstan d  th e  v a r i o u s  t h e o r i e s  w hich  
have b een  d e v e lo p e d  to  e x p l a i n  th e  n a tu r e  o f  f r o s t  damage 
i n  cement p a s t e s .  A d i s c u s s i o n  o f  t h e s e  v a r io u s  t h e o r i e s  
f o l l o w s .
4
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p a s te  ( ta k e n  from ACI monograph No. 3 ,  1966)
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- (1 )  H y d ra u lic  P r e s s u r e  Theorjr
F r e e z in g  and th aw in g  damage cannot be  
a t t r i b u t e d  s o l e l y  to  d i r e c t  c r y s t a l  p r e s s u r e  r e s u l t i n g  from  
i c e  fo r m a t io n .  Even c o n c r e t e  w i t h  a m o is tu r e  c o n te n t  con­
s id e r a b l y  b e low  th e  c r i t i c a l  s a t u r a t i o n  v a lu e  o f  ab ou t 0 .9 0  
w i l l  f a i l  a f t e r  s u c c e s s i v e  c y c l e s  o f  f r e e z i n g  and th a w in g .  
A lth o u g h  c o n c r e t e  may have a h ig h  m o is tu r e  c o n te n t  th e  ad­
s o r p t io n  and c a p i l l a r y  f r o c e s  a r e  su ch  t h a t  o n ly  p a r t  o f  th e  
w a te r  i s  f r o z e n  a t  a g iv e n  f r e e z i n g  tem p era tu re  r a n g in g  
from 21% a t  - . 2 5 °C t o  100^ a t  -  15 °C. (Pow ers 1955)
Powers g i v e s  a c o n c i s e  a n a l y s i s  o f  th e  
mechanism. I c e  f i r s t  form s a t  th e  c o ld  s u r fa c e  s e a l i n g  o f f  
th e  i n t e r i o r  o f  th e  sp ec im en . P r e s s u r e  e x e r t e d  by e x p a n s io n  
due t o  i c e  fo r m a t io n  f o r c e s  w a ter  inward t o  l e s s  s a tu r a te d  
r e g i o n s .  In  a f i n e  t e x t u r e d  porou s s o l i d  su ch  a s  c o n c r e te  
th e  r e l a t i v e l y  h ig h  r e s i s t a n c e  t o  th e  f lo w  o f  w a ter  s e t s  up 
h y d r a i i l i c  g r a d i e n t s  w hich  e x e r t  p r e s s u r e  on th e  p ore 'w a lls .  
T h is  h y d r a u l ic  p r e s s u r e  i n c r e a s e s  w ith  i n c r e a s in g  r a t e s  o f  
f r e e z i n g ,  d e g r e e  o f  s a t u r a t i o n  and f i n e n e s s  o f  p o r e s .  When 
t h e  h y d r a u l ic  p r e s s u r e  e x c e e d s  th e  t e n s i l e  s t r e n g t h  o f  th e  
s o l i d ,  th e  p ore w a i l s  are  r u p tu r e d .
D uring f r e e z i n g ,  th e  r e s i s t a n c e  t o  f lo w  o f  
w a te r  i n c r e a s e s  w i t h  th e  d i s t a n c e  from th e  s u r f a c e .  The 
p o i n t  a t  which, r u p tu r e  o c c u r s  a s  a r e s u l t  o f  h y d r a u l ic  
p r e s s u r e  i s  c a l l e d  th e  c r i t i c a l  d e p th  o f  s a t u r a t i o n .  The 
h y d r a u l ic  p r e s s u r e s  a s  c a l c u l a t e d  by Powers f o r  a g iv e n  s e t  
o f  c o n d i t io n s  drop  v e r y  r a p id ly  w i t h  a sm a ll  drop i n  d e g r e e
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. o f  s a t u r a t i o n .  E n tr a in e d  a i r  i n c r e a s e s  th e  r e s i s t a n c e  o f  
c o n c r e t e  by r e d u c in g  th e  h y d r a u l i c  p r e s s u r e s  d e v e lo p e d  
th r o u g h  f r e e z i n g  and th a w in g . A lth o u g h  n e a r ly  a l l  c o n c r e te  
c o n t a in s  more th a n  enough sp a c e  t o  accommodate f r e e z i n g  e x ­
p a n s io n  th e  s p a c in g  o f  th e  p o r e s  i s  su ch  t h a t  d e s t r u c t i v e  
h y d r a u l i c  p r e s s u r e s  can d e v e lo p  i n  th e  p a s t e .
As th e  s p a c in g  i s  red u ced  by a i r - e n t r a i n ­
ment t h e  t h i c k n e s s  o f  p ore  w a l l s  a r e  red u ced , th e r e b y  red u c­
in g  t h e  p r e s s u r e s  w hich  can be d e v e lo p e d  th ro u g h  r e s i s t a n c e  
t o  f l o w  o f  w a te r .  I t  i s  th e  p r o x im ity  o f  a i r  p o c k e t s  w h ich  
d e t e r m in e s  r e s i s t a n c e .  The s p a c in g  f a c t o r  n e c e s s a r y  t o  p ro­
duce  r e s i s t a n c e  t o  f r o s t  has b een  c a l c u l a t e d  by Powers to  be 
i n  th e  o r d e r  o f  0 .0 1  in c h ,  th e  a i r  req u irem en t  d ep en d in g  on  
th e  p a s t e  c o n t e n t .
In  an a n a l y s i s  o f  th e  H y d r a u lic  p r e s s u r e  
t h e o r y  i t  i s  a d v a n ta g e o u s  t o  c o n s id e r  c r i t i c a l  t h i c k n e s s  and 
s a t u r a t i o n  c o n c e p t s .  I f  t h e  body i s  e x tr e m e ly  l a r g e - t h a t  i s  
i f  i t  h a s  v i r t u a l l y  no b o u n d a r ie s  a t  a l l  and no a i r  v o i d s ,  
a l l  w a te r  t h a t  f r e e z e s  must rem ain i n  th e  body and th e  body  
must i n c r e a s e  i n  volum e enough to  accommodate th e  v.ra te r -v o lu m e  
i n c r e a s e  produced by f r e e z i n g .  Hence th e  volume i n c r e a s e  
would be a b o u t  9 p e r c e n t  o f  th e  volume o f  w a te r  t h a t  f r e e z e s .  
W ith a f i n i t e  body how ever, some o f  t h e  e x c e s s i v e  w ater  
volum e produced bjr f r e e z i n g  may e s c a p e  from th e  body d u r in g  
f r e e z i n g ,  and th u s  o v e r - a l l  d i l a t i o n  o f  th e  body w i l l  be l e s s  
th a n  what i t  would have b e e n  had none o f  th e  e x c e s s  b een  e x ­
p e l l e d .  P a r t s  n e a r e s t  "escap e  b o u n d a r ie s"  ( th e  s u r f a c e s
7
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th ro u g h  w hich  e x c e s s  w a te r  can be e x p e l l e d )  w i l l  n o t  be 
d i r e c t l y  damaged by f r e e z i n g  b ec a u se  a l l  e x c e s s  w a ter  can  
e s c a p e  from th o s e  r e g i o n s .  I f  th e  body i s  s u f f i c i e n t l y  
t h i c k  in n e r  p a r t s  w i l l  become d i l a t e d  d u r in g  f r e e z i n g ,  
and t h i s  w i l l  a f f e c t  o u t e r  p a r t s  t o o .  Hence, th e  o v e r - a l l  
e f f e c t  o f  f r e e z i n g  i n  any g iv e n  p a s t e  depends on t h ic k n e s s  
o f  th e  bod y . I f  th e  body i s  t h in n e r  th an  some c r i t i c a l  
l i m i t ,  i t  can be f r o z e n  w ith o u t  damage.
For a g iv e n  c a p i l l a r y  space i n  hardened  
p a s t e ,  9 1 .7  p e r c e n t  i s  a c r i t i c a l  d e g r e e  o f  s a t u r a t i o n .  
F r e e z in g  i n  p a r t i a l l y  s a tu r a t e d  p a s t e  may in v o lv e  d i s p l a c i n g  
w a ter  from s m a l le r  to  l a r g e r  s p a c e s .  F r e e z in g  in  p a s t e  th us  
may produce some s t r e s s  ev en  when th e  o v e r - a l l  s a t u r a t io n  
c o e i f f i c i e n t  i s  be low  th e  t h e o r e t i c a l  l i m i t .  Such s t r e s s  i s  
n o t  l i k e l y  t o  be d e s t r u c t i v e ;  i n d i c a t i o n s  a re  t h a t  a sm a l l  
l o s s  o f  e v a p o r a b le  w a te r  e n a b le s  a p a s t e  to  w ith s ta n d  s e v e r e  
f r e e z i n g .
We may th in k  o f  th e  grow ing i c e  body i n  th e  
c a p i l l a r y  pore a s  a s o r t  o f  pump f o r c i n g  w a ter  th rou gh  th e  
p a s t e  toward th e  v o id  boundary. Such a pumping ou t  o f  w ater  
i n v o l v e s  th e  g e n e r a t io n  o f  p r e s s u r e .  The most im p ortan t  
f a c t o r s  a r e :  (1 )  th e  c o e i f f i c i e n t  o f  p e r m e a b i l i t y  o f  th e  
m a t e r i a l  th rou gh  w hich  th e  w a ter  i s  f o r c e d .  (2 )  th e  d i s t a n c e  
from the  c a p i l l a r y  pore to  th e  v o id  boundary and (3 )  th e  r a te  
a t  w hich  f r e e z i n g  o c c u r s .
In  g e n e r a l ,  we can s e e  t h a t  d u r in g  th e  pro­
c e s s  o f  f r e e z i n g  h y d r a u l ic  p r e s s u r e  w i l l  e x i s t  th rou gh ou t
8
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th e  p a s t e ,  and t h i s  p r e s s u r e  w i l l  be h ig h e r  th e  f a r t h e r  th e  
p o in t  i n  q u e s t io n  from th e  n e a r e s t  e sc a p e  boundary. I f  a 
p o in t  i n  th e  p a s t e  i s  s u f f i c i e n t l y  rem ote from an e s c a p e  
boundary, th e  p r e s s u r e  may be h ig h  enough to  s t r e s s  th e  su r­
ro u n d in g  g e l  beyond i t s  e l a s t i c  l i m i t .  I t  becom es c l e a r  t h a t  
e v e r y  a i r  v o id  e n v e lo p e d  by th e  p a s t e  must be b ord ered  by a 
zone o r  s h e l l  i n  w hich  th e  h y d r a u l ic  p r e s s u r e  cannot become 
h ig h  enough t o  cause  damage. T h e o r e t i c a l l y  th e  p r e s s u r e  i n ­
c r e a s e s  a p p r o x im a te ly  I n  p r o p o r t io n  t o  th e  square o f  th e  
d i s t a n c e  from th e  v o i d ,  th e  p r e s s u r e  b e in g  z e r o  a t  th e  v o id  
boundary. By r e d u c in g  th e  d i s t a n c e  b etw een  v o i d s  t o  a p o in t  
where th e  p r o t e c t i v e  s h e l l s  o v e r la p ,  we can p r e v e n t  th e  
g e n e r a t io n  o f  d i s r u p t i v e  h y d r a u l i c  p r e s s u r e s  d u r in g  th e  f r e e z ­
in g  o f  w a te r  i n  th e  c a p i l l a r i e s .
The f o l l o w i n g  t a b l e  (T. C. Pow ers, 1955) 
g i v e s  th e  r e l a t i o n  b etw een  d e g r e e  o f  s a t u r a t io n  and h y d r a u l ic  
p r e s s u r e  d e v e lo p e d  on f r e e z i n g .
D egree  o f  S a t u r a t io n  H y d r a u lic  P r e ssu r e  D eve lop ed
on F r e e z in g  ( p s i )
1 . 0 0  100
0 .9 9  86
0.98 68
0 .9 7  56
0 .9 1 7  0
However g e n e r a t io n  o f  h y d r a u l ic  p r e s s u r e  
th ro u g h  th e  mechanism j u s t  d e s c r ib e d  d o e s  n o t  a cco u n t  f o r  
sh r in k a g e  t h a t  accom panies  f r e e z i n g  when a i r  v o i d s  are  
p r e s e n t  nor f o r  c e r t a i n  r e s p o n s e s  to  change i n  r a t e  o f
9
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c o o l i n g .
( i i )  D i f f u s i o n  and F r e e z in g  o f  G el Water
Each g e l  p a r t i c l e  c a r r i e s  i t s  adsorbed  w a ter  
" film "  and th e  w a ter  f i l m  s e p a r a t e s  th e  g e l  p a r t i c l e s  from  
th e  i c e ,  th e  d e g r e e  o f  s e p a r a t io n  b e in g  s u b m ic r o s c o p ic -o n ly  
a few  m o le c u la r  d ia m e t e r s .  The body o f  i c e  i s  s e p a r a te d  from  
th e  c a v i t y  w a l l  by an u n fr o z e n  f i l m ,  th e  ad sorb ed  l a y e r ,  w hich  
f i l m  i s  c o n t in u o u s  w i t h  t h e  ad sorb ed  l a y e r s  w i t h in  th e  g e l .
The w a ter  m o le c u le s  i n  th e  f i l m  te n d  t o  have th e  o r i e n t a t i o n  
demanded by th e  f o r c e  f i e l d  o f  g e l  p a r t i c l e s .  The same m ole­
c u l e s  a re  a l s o  s u b j e c t  to  th e  f o r c e  f i e l d s  o f  th e  i c e  c r y s t a l s  
w h ich  ten d  t o  produce th e  m o le c u la r  o r i e n t a t i o n  c h a r a c t e r i s t i c  
o f  th e  c r y s t a l .  Thus t h e  w a te r  i n  th e  f i l m  i s  s u b j e c t e d  to
O
c o m p e t i t iv e  f o r c e s .  At a g iv e n  tem p era tu re  b e low  0 C th e  i c e  
c r y s t a l  i s  a b le  t o  c a p tu r e  some o f  th e  f i l m  w a te r  and red u ce  
th e  t h i c k n e s s  o f  th e  f i l m  b e low  what i t  would be i f  no i c e  
were p r e s e n t .  As th e  tem p era tu re  becom es s t i l l  lo w er ,  more 
o f  th e  m o le c u le s  i n  th e  f i l m  a r e  ca p tu red  by th e  i c e  and th e  
f i l m  becom es t h in n e r .  S in c e  th e  f i l m s  a re  i d e n t i c a l  w i t h  th e  
ad sorb ed  l a y e r s  on th e  g e l  p a r t i c l e s  i n  th e  i n t e r i o r  o f  th e  
g e l  ( t h e  g e l  w a ter )  th e  d e p l e t i o n  o f  th e  f i l m  i n  th e  c a p i l l a r y  
c a v i t y  by th e  i c e  i n  th e  c a p i l l a r y  c a v i t y  p r o d u ces  a f r e e  
e n e r g y  d i f f e r e n c e  b etw een  th e  f i l m  i n  th e  c a v i t y  and th e  g e l  
w a t e r .  C o n seq u e n tly  w a ter  c r e e p s  a lo n g  th e  s u r f a c e s  o f  th e  
g e l  p a r t i c l e s  i n t o  th e  f i l m  i n  th e  i c e  b e a r in g  c a v i t y  a s  r e ­
q u ir e d  to  red u ce  th e  f r e e  e n e r g y  p o t e n t i a l  c r e a te d  by d e ­
p l e t i o n  o f  th e  f i l m  i n  th e  c a v i t y .  The p r o c e s s  i s  c a l l e d
10
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..su r fa ce  d i f f u s i o n .
Whenever th e  g e l  l o s e s  w a ter  i t  t e n d s  to  
s h r in k ,  no m a tte r  w h eth er  th e  w a te r  i s  l o s t  by e v a p o r a t io n  
o r  by f r e e z i n g .  The te n d e n c y  o f  th e  g e l  to  s h r in k  a s  w a ter  
i s  e x t r a c t e d  from i t  by f r e e z i n g  and th e  grow th o f  th e  i c e  
b od y , p l a c e s  th e  i c e  i n  th e  c a p i l l a r y  c a v i t i e s  and th e  f i l m  
around th e  i c e  under p r e s s u r e .  Such p r e s s u r e  i n c r e a s e s  th e  
f r e e  en erg y  o f  th e  i c e  and o f  th e  w a te r  i n  th e  f i l m  b etw een  
th e  i c e  c r y s t a l  and th e  g e l  p a r t i c l e s  and te n d s  t o  p r e v e n t  
th e  r e p le n ish m e n t  o f  t h a t  f i l m  by d i f f u s i o n  o f  w a te r  from  
th e  g e l .  However th e  s w e l l i n g  p r e s s u r e  i n  th e  f i l m  i s  enough  
t o  produce d i l a t i o n .  For exam ple i f  th e  g e l  were s a tu r a t e d  
and i f  th e  c a p i l l a r y  c a v i t i e s  c o n ta in e d  i c e  a t  - 5 °C the  
p r e s s u r e s  i n  th e  f i l m  b etw een  th e  i c e  and th e  s o l i d  co u ld  be 
a s  much a s  1200 p s i .  T h is  amount o f  p r e s s u r e  would s u r e ly  
ca u se  th e  p a s t e  to  d i l a t e  a p p r e c ia b ly .  Thus, e x p a n s io n  can  
be cau sed  by d i f f u s i o n  o f  w a ter  from th e  g e l  to  th e  c a p i l l a r y  
c a v i t i e s .
( i i i )  M a cro sco p ic  S e g r e g a t io n  o f  I c e  L en ses
I t  I s  w e l l  known t h a t  w a ter  expands a b ou t  
9fo i n  volume when f r o z e n .  A lth o u g h  th e  d i s r u p t i v e  e f f e c t  
caused  by th e  f r e e z i n g  o f  a cement p a s t e  i s  r e l a t e d  t o  t h i s  
e x p a n s io n  i t  d o e s  n o t  depend d i r e c t l y  on th e  e x p a n s io n  o f  
f r e e z i n g  w a te r .  C o l l in s  l ik e n e d  th e  a c t i o n  o f  f r e e z i n g  i n  
c o n c r e t e  t o  th e  f r o s t - h e a v i n g  o f  s o i l s  w ith  th e  grow th o f  
i c e - l e n s e s  p a r a l l e l  to  th e  co ld  s u r f a c e .  "The damage to  
c o n c r e te  was c o n s id e r e d  to  be ca u se d , n o t  so much b3r th e
11
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a c t u a l  i n c r e a s e  o f  volume o f  th e  w a te r  i n  th e  p o r e s  on f r e e z ­
i n g  a s  by th e  growth o f  th e  c r y s t a l s  a f te r w a r d s  and th e  con­
seq u e n t  s e g r e g a t io n  and c o n c e n t r a t io n  o f  th e  i c e  i n t o  l a y e r s " .  
C o l l i n s 1 th e o r y  was b ased  on o b s e r v a t io n s  o f  c o n c r e te  pave­
m ents damaged by s e v e r e  f r o s t  a c t i o n  i n  th e  'winter o f  19-41 
'which se e m in g ly  in v o lv e d  movement o f  w a ter  from th e  subgrade  
i n t o  th e  s l a b .  He was a b le  t o  d e v i s e  la b o r a to r y  e x p er im en ts  
t o  confirm  th e  f i e l d  o b s e r v a t io n s .
( i v )  M ic r o sc o p ic  S e g r e g a t io n  o f  I c e  L en ses
" 'Frozen c a p i l l a r y  w a te r  t e n d s  t o  grow by 
d raw ing  w ater  from th e  g e l 1 . T h is  e x te n d s  C o l l i n s '  (1 9 4 4 )  
and T ab ers '  s e g r e g a t io n  th e o r y  ( 1 9 2 9 - 3 0 ) .  Here 'we a re  d e a l i n g  
w it h  th e  growth o f  a la r g e  number o f  m ic r o s c o p ic  i c e - c r y s t a l s ,  
r a t h e r  th an  c r y s t a l s  o f  m a cro sco p ic  s i z e . ” (Powers 1955)
T h is  th e o r y  e x p l a i n s  why some a i r - e n t r a i n e d  
m ixes  e x h i b i t  sh r in k a g e  d u r in g  f r e e z i n g .  At th e  o n s e t  o f  
f r e e z i n g  a s  i c e  i s  formed i n  th e  w a t e r - f i l l e d  c a p i l l a r i e s  
some w a ter  i s  f o r c e d  i n t o  th e  a i r - v o i d s .  S u b se q u e n t ly ,  t h i s  
'water form s i c e - c r y s t a l s ,  i n  th e  a i r  v o i d s ,  w hich  ten d  to  
grow by draw ing w a ter  from t h e  g e l  p o r e s -a n d  whenever th e  g e l  
l o s e s  w a ter  i t  sh r in k s  w hether  th e  w a te r  i s  l o s t  by evap ora­
t i o n  or  i n  t h i s  c a se  by f r e e z i n g .
(v )  Osmotic P r e ssu r e  Theory
The m a t e r ia l  b o r d e r in g  ea ch  c a p i l l a r y  i s  
cement g e l  c o n t a in in g  g e l  p o r e s  and s o l u t i o n  and i c e  cannot  
form i n  t h e s e  p o r e s  b eca u se  o f  t h e i r  s m a l ln e s s .  F r e e z in g  
c o n c e n t r a te s  th e  s o l u t i o n  i n  th e  c a p i l l a r y  c a v i t i e s  w ith o u t
12
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p ro d u c in g  an e q u a l  change i n  c o n c e n t r a t io n  i n  th e  g e l  p o r e s .  
Thus f r e e z i n g  shou ld  im m e d ia te ly  produce a te n d e n c y  f o r  th e  
s o l u t e  i n  th e  c a p i l l a r y  w a ter  to  d i f f u s e  i n t o  th e  r e g io n  o f  
l e s s e r  c o n c e n t r a t io n ,  th e  c o n t ig u o u s  g e l  w a te r .  At th e  same 
t im e  g e l  w a te r  te n d s  t o  d i f f u s e  i n t o  th e  concentra-ted  s o lu ­
t i o n  i n  th e  c a p i l l a r y .  While th e  c o n c e n t r a t io n  d i f f e r e n t i a l  
e x i s t s ,  a d i l a t i o n  te n d e n c y  e x i s t s  w h ich , when op p osed , w i l l  
a p p ear  a s  o s m o t ic  p r e s s u r e .  The m agnitude o f  o s m o t ic  p r e s s u r e  
w i l l  depend on c o n c e n t r a t io n  d i f f e r e n c e .  The k ind  o f  p r e s s u r e  
produced by o sm o s is  shou ld  n o t  be much d i f f e r e n t  from t h a t  due 
t o  grow th o f  i c e  c r y s t a l s .  P r e s s u r e  from grow ing  i c e  i s  n o t  
due d i r e c t l y  t o  th e  s o l i d  i t s e l f  b u t  t o  th e  draw in g  o f  w a te r  
m o le c u le s  i n t o  th e  ad sorbed  f i l m  t h a t  s e p a r a te s  i c e  from th e  
c a v i t y  w a l l .  T h is  g i v e s  r i s e  to  a s w e l l i n g  p r e s s u r e  c l o s e l y  
a k in  t o  o s m o t ic  p r e s s u r e .  Thus w h eth er  o r  n o t  c a p i l l a r y  
w a te r  c o n t a in s  d i s s o l v e d  a l k a l i e s ,  f r e e z i n g  i n  a r e l a t i v e l y  
d e n se  p a s t e  can produce d i l a t i o n .  I t  may be produced by  
w a te r  d r iv e n  t o  i c e  b o d ie s  by a p o t e n t i a l  produced by f a l l i n g  
te m p e r a tu r e ,  o r  by w a ter  d r iv e n  t o  a s o l u t i o n - o s m o s i s - o r  i t  
may be due t o  b o th  c a u s e s .  E x p e r im e n ta l  work has n o t  y e t  
r e v e a le d  th e  r e l a t i v e  im p ortan ce  o f  o s m o t ic  p r e s s u r e .
- D i s c u s s i o n  o f  V a r io u s  T h e o r ie s
There th u s  seem to  be t h r e e  mean mechanisms  
o f  expo-nsive f o r c e s  o p e r a t in g  i n  cement p a s t e s  a t  f r e e z i n g  
te m p e r a tu r e s ,  a l l  o f  w h ich  a re  e. r e s u l t  o f  th e  p e c u l i a r t i e s  
o f  th e  cement p a s t e  and a l l  o f  w h ich  a re  c o m p a tib le  w i th  
e a c h  o t h e r .
13
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The m a c r o sc o p ic  grow th o f  i c e  l e n s e s ,  w h ich  
i s  a k in  t o  th e  grow th o f  i c e  l e n s e s  i n  s o i l  i s  more l i k e l y  
t o  o c c u r  i n  f r e s h  p a s t e s  or  s h o r t l y  a f t e r  h a rd en in g  when 
t h e r e  i s  s t i l l  an abundance o f  f r e e  w a ter  and th e  p e r m e a b i l i t y  
o f  th e  p a s t e  i s  s t i l l  r a t h e r  h ig h .  I f  a c o n c r e te  o r  a cement 
p a s t e  i s  f r o z e n  a t  an e a r l y  age  and c r a c k s  a re  formed, t h e s e  
c r a c k s  can be c e n t r e s  f o r  m a c r o sc o p ic  b u i ld  up o f  i c e  l e n s e s  
s h o u ld  f r e e z i n g  o c c u r  a t  some l a t e r  a g e .
The o t h e r  tw o , h y d r a u l i c  p r e s s u r e  and th e  
m ic r o s c o p ic  grow th o f  i c e  c r y s t a l s  a r e  th e  mechanisms m ost  
l i k e l y  t o  ca u se  damage t o  hardened cement p a s t e s .  Powers  
(1 9 5 3 -5 5 )  c la im s  t h a t  th e  f o r c e s  o p e r a t in g  a t  any i n s t a n t  o f  
f r e e z i n g  depend m a in ly  on th e  r a t e  a t  w h ich  th e  sample i s  c o o le d ,  
th e  l e n g t h  o f  t im e  i t  has b een  a t  s u b - f r e e z i n g  tem p eratu re  
and th e  p e r m e a b i l i t y  o f  th e  p a s t e .  I f  th e  p a s t e  p o r o s i t y  i s  
r e l a t i v e l y  h ig h  and f r e e z i n g  i s  r a p id ,  e x p a n s io n  w i l l  be due 
p r im a r i ly  t o  th e  growth o f  i c e  c r y s t a l s  i n  th e  c a p i l l a r i e s .  
C lo s e ly  spaced  a i r  v o i d s  a re  c la im ed  by Powers t o  p r o t e c t  
h ardened  cement p a s t e  from f r o s t  damage by e i t h e r  o f  th e  l a t t e r  
m echanism s. T h is  i s  done by:
(a )  l i m i t i n g  h y d r a u l ic  p r e s s u r e
(b ) l i m i t i n g  th e  tim e d u r in g  w hich  c a p i l l a r y  i c e  can i n c r e a s e  
th e  d i f f u s i o n  o f  g e l  'water.
However i t  i s  f e l t  t h a t  in  mature c o n c r e t e ,  
th e  h y d r a u l i c  p r e s s u r e  mechanism i s  th e  m ost im p ortan t  f a c t o r  
r e s p o n s i b l e  f o r  f r o s t  damage; Powers h as  p u b l is h e d  d a ta  w h ich  
seems t o  v e r i f y  t h i s  p o i n t .  (1 9 5 4 )
14
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CHAPTER I I I  
DISCUSSION OF FREEZING- TEST METHODS
The s e v e r a l  f r e e z i n g  mechanisms w hich  cause  
d e t e r i o r a t i o n  i n  c o n c r e te  do n o t  o p e r a te  under th e  same 
c l i m a t i c  c o n d i t i o n s .  For example ra p id  f r e e z i n g  i s  u n u su a l­
l y  s e v e r e  i n  d e v e lo p in g  h y d r a u l ic  p r e s s u r e  i n  th e  g e l  s t r u c ­
t u r e ,  but i s  t o o  ra p id  to  p erm it  th e  b u i ld  up o f  i c e  c r y s t a l s .  
M oreover la b o r a to r y  specim ens w hich  a re  t e s t e d  submerged i n  
w a te r  a re  more l i k e l y  t o  r e a c h  c r i t i c a l  s a t u r a t i o n  than  e x ­
p o se d  s t r u c t u r e s  i n  th e  f i e l d .  I t  i s  d i f f i c u l t  t h e r e f o r e  to  
e s t a b l i s h  s tan d ard  t e s t i n g  p r o c e d u r e s  w h ich  p r o p e r ly  e v a lu a te  
f r e e z i n g  and th aw in g  r e s i s t a n c e  f o r  a l l  f i e l d  c o n d i t i o n s .
The fo u r  A .S .T .M . methods r e q u ir e  t h a t  f r e e z ­
in g  and th aw ing  t e s t s  be s t a r t e d  a f t e r  24 hours o f  m o is t  
c u r in g  i n  th e  f o g  room f o l lo w e d  by im m ersion  i n  ’w ater  s a t u ­
r a t e d  v ;ith  l im e  to  th e  age o f  t e s t .  The Corps o f  E n g in e e r s  
Method has a s i m i l a r  req u irem en t e x c e p t  t h a t  s to r a g e  i s  i n  
t h e  fo g  room u n t i l  4 8 t  4 hours p r io r  to  t e s t ,  when th e y  are  
s to r e d  i n  s a tu r a t e d  l im e ’w ater . A .S .T .M . C290, ra p id  f r e e z ­
i n g  and th aw in g  i n  w a te r ,  i s  u sed  more e x t e n s i v e l y  th an  any 
o t h e r  m ethod. T h is  method i s  s e v e r e  and i n  a c o m p a r a t iv e ly  
s h o r t  t im e w i l l  i n d i c a t e  th e  r e l a t i v e  q u a l i t y  o f  P o r t la n d  
cement p a s t e s .  Table I i n d i c a t e s  th e  m ethods u sed  to  a s s e s s  
damage produced by f r e e z e - th a w  t e s t s .
15
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TABLE I
* TESTS USED TO ASSESS FROST DAMAGE




A .S.T .M . C290 3x3x15 i n .
P r i  sm
A .S .T .M . 0291 3x3x15 i n .
P r i  sm
A .S .T .M . 0292 3x3x15 i n .
P r i  sm
A .S .T .M . 0310 3x3x15 i n .
Prism
Corps o f  Engs.3t-x4jrxl6 i n .  
C -10-54  Prism
Loss i n  Dynamic Rapid f r e e z i n g  
E and thaw ing
i n  w a ter
L oss  i n  Dynamic Rapid f r e e z i n g  
E i n  a i r  and thaw­
in g  i n  w a ter
L oss  i n  Dynamic Slow f r e e z i n g  
E and thaw ing  i n
w a te r  o r  b r in e
L o ss  i n  Dynamic Slow f r e e z i n g
E i n  a i r  and thaw­
in g  i n  w a ter
L oss  i n  Dynamic Rapid f r e e z i n g




3x6 i n .  
C y lin d er
4£-x9 i n .  
C y lin d er
E
E xp an sion  and 
Weight l o s s
E xpansion
and thaw ing  i n  
a i r  and i n  wate:
Rapid f r e e z i n g  
and th aw ing  i n  
w a ter
C o n tr o l le d
f r e e z i n g
’•'■Taken from ACI Monograph Mo. 3 (1 9 6 6 )
The U .S .B .R . method o f  d e te r m in in g  'weight l o s s  
has b een  c o r r e la t e d  s u c c e s s f u l l y  w i t h  s e r v i c e  r e c o r d s  on numer­
ous p r o j e c t s  i n  c o n ju n c t io n  w i t h  a l l  th e  A .S .T .M . m ethods.
"The p r a c t i c e  o f  e v a l u a t i n g  f r o s t  r e s i s t a n c e  
i n  term s o f  th e  number o f  c y c l e s  r e q u ir e d  to  d e s t r o y  i t - n o  
m a tte r  how lo n g  and s e v e r e  th e  " la b o r a to r y  w in ter"  must be i s  
open to  q u e s t io n .  Perhaps th e  f r e e z in g -a n d - th a w in g  t e s t  
shou ld  be e x p e c te d  to  t e l l  w h eth er  o r  n o t  a specim en i s  i n i t i a l ­
l y  immune to  f r o s t  damage and, i f  so ,  w hether  o r  n o t  i t  would
16
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rem ain  t h a t  way u n d e r ' th e  b in d  o f  n a t u r a l  ex p o su r e  i t  w i l l  
a c t u a l l y  e n c o u n te r .  The b e h a v io u r  o f  w a te r -so a k e d  c o n c r e te  
w h i le  i t  i s  b e in g  c o o le d  t o  te m p e r a tu r e s  b e low  th e  norm al 
f r e e z i n g  p o in t  i s  fu n d a m e n ta lly  th e  p o in t  o f  co n cern . The 
m ost u s e f u l  t e s t  m ight be one w hich  would t e l l  w hether o r  
n o t  c o n c r e te  i s  i n  a c o n d i t i o n  t o  behave p r o p e r ly  on c o o l i n g  
and, i f  i t  i s ,  t o  t e l l  how lo n g  i t  w i l l  rem ain i n  t h a t  c o n d i­
t i o n  w h i le  ex p o sed  to  w a te r  and p e r i o d i c  f r e e z i n g s .  Such  
in fo r m a t io n  can n ot be o b ta in e d  by u s in g  a method t h a t  f o r c e s  
d i s i n t e g r a t i o n  ( f r e e z e - t h a w  c y c l e s )  and th e n  p rod u ces  o n ly  a  
m easure o f  th e  r a t e  o f  d i s i n t e g r a t i o n .  I t  m ight be o b ta in e d  
by s u i t a b l e  m easurem ents o f  l e n g t h  change w h i le  c o n c r e te  i s  
b e in g  c o o le d ."  Powers ( 1 9 5 5 ) .  Thus, Powers p rop osed  t h a t  
l e n g t h  m easurem ents co u ld  be u se d  t o  t e l l  w h eth er  o r  n o t  a t  
any g iv e n  tim e a spec im en  i s  v u ln e r a b le  t o  f r o s t  a c t i o n .  I f  
i t  s h r in k s  n o r m a lly  i n  th e  f r e e z i n g  range i t  i s  immune; i f  i t  
d i l a t e s  i t  i s  n o t  immune-the p r o c e s s  t h a t  e v e n t u a l l y  c a u s e s  
d i s i n t e g r a t i o n  h as begun .
From i n v e s t i g a t i o n s  by th e  U . S . 3 . R . , ( 1 9 4 8 ) ,  
i t  was f e l t  t h a t  l e n g t h  change o r  e x p a n s io n  o f  th e  c o n c r e te  
gave a more r e l i a b l e  e a r l y  i n d i c a t i o n  o f  f a i l u r e  th a n  any  
o t h e r  method used  i n  th e  Dewer la b o r a to r y  o f  th e  Bureau. The 
m odulus o f  e l a s t i c i t y  had n o t  proved  to  be a s  s a t i s f a c t o r y  i n  
t h i s  la b o r a to r y  a s  t h e  l e n g t h  change m ethod. While r e d u c t io n  
i n  m odulus o f  e l a s t i c i t y  i s  q u i t e  r a p id  i n  c o n c r e te  o f  poor  
q u a l i t y ,  th e r e  i s  u s u a l l y  an i n c r e a s e  i n  modulus f o r  a l l  con­
c r e t e s  o f  f a i r ,  good , o r  e x c e l l e n t  q u a l i t y  f o r  some p e r io d
17
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a f t e r  s u b j e c t i o n  t o  f r e e z i n g  and th a w in g . Thus i t  was b e ­
l i e v e d  l e n g t h  change ( r e s i d u a l )  was th e  more e f f e c t i v e  c r i ­
t e r i a  f o r  d u r a b i l i t y  ju d gem en ts .
The p rop osed  t e s t  (Powers t e s t )  was a n t i c i p ­
a t e d  by Rudolph C. V a lo r e  i n  1950; he s tu d ie d  volume changes  
i n  s m a l l  c o n c r e t e  c y l i n d e r s .  The s tu d y  p r o v id e d  t e s t  d a ta  
w h ich  en a b led  V a lo r e  t o  d e te r m in e  r e s i d u a l  l e n g t h  ch an ge .  
R e f e r r in g  t o  v a r i o u s  i n d i c a t i o n s  o f  h i s  d a ta  V a lo re  s a id ,  
" sh ou ld  f u r t h e r  e x p e r im e n ta t io n  v e r i f y  t h e s e  i m p l i c a t i o n s ,  
t h e  p o s s i b i l i t y  o f  p r e d i c t i n g  d u r a b i l i t y  on t h e  b a s i s  o f  
m easurement o f  t r a n s i e n t  or  r e s i d u a l  s t r a i n  f o r  one o r  two 
c y c l e s  o f  f r e e z i n g  and th a w in g  s u g g e s t s  i t s e l f . "
18
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CHAPTER IV 
PREVIOUS APPLICATION OF THE POWERS TEST
B a i l e j  Tremper (1 9 5 9 )  w h i le  w orking f o r  th e  
Highway Department i n  C a l i f o r n i a  u t i l i z e d  th e  Powers t e s t  f o r  
t h e  e v a l u a t i o n  o f  f r o s t  r e s i s t a n t  a g g r e g a t e s .  In  h i s  t e s t  
programme he adopted  a c o o l i n g  r a t e  o f  - 5 ° F  p er  hour, a s  was 
s u g g e s t e d  by Pow ers. Each specim en c o n ta in e d  a th erm o co u p le ,  
b u t  i t  soon became e v id e n t  t h a t  a l l  specim ens c o o le d  a t  th e  
same r a t e ;  th u s  a  s i n g l e  dummy specim en  w ith  3- th erm ocou p le  
was used  f o r  tem p eratu re  m easurem ent. Tremper*s r e s u l t s  i n ­
d i c a t e  t h a t ,  " sim p le  so a k in g  o f  a d ry  a g g r e g a te  d o e s  n o t  d e ­
f i n i t e l y  b r in g  i t  t o  th e  u l t im a t e  s a t u r a t i o n  i t  may have i n  
s e r v i c e  and w h ich  i s  n e c e s s a r y  i n  t e s t i n g  t o  d i s c l o s e  i t s  
p o t e n t i a l i t y  f o r  poor p erfo rm a n ce ."  As a r e s u l t  o f  h i s  work 
i n  a p p ly in g  th e  Powers t e s t ,  Tremper r a t i o n a l i z e d  as  t o  t h e  
n a tu r e  o f  th e  c y c l e .  In  e x p l a i n i n g  sh r in k a g e  a t  a g r e a t e r  
r a t e  th an  t h a t  due to  th erm al c o n t r a c t io n  a lo n e ,  he rea so n ed  
t h a t  i t  was b e c a u se  i c e  c r y s t a l s  under p r o g r e s s iv e  c o o l in g  tend  
t o  a t t r a c t  m o is tu r e  a t  th e  exp en se  o f  t h a t  i n  th e  p a s t e .  In  
h i s  work i n  C a l i f o r n i a ,  Tremper ad op ted  a s  th e  c r i t e r i o n  o f  
u n s a t i s f a c t o r y  d i l a t i o n  a measured e l o n g a t i o n  o f  50 m i l l i o n t h s  ( " /„ )  
above th e  l e n g t h  a t  th e  a p p a ren t  f r e e z i n g  p o i n t .
The r e s u l t s  o f  t e s t s  on c e r t a i n  a g g r e g a te s  by  
Powers and Helmuth (1953) a re  n o te w o r th y .  They g iv e  Powers  
th e  b a s i s  f o r  an a c c o u n t  o f  c o n t r a c t io n  o v er  and above normal 
th erm a l c o n t r a c t io n .
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PROPER LOCUS FOR -  
AIR-ENTRAINED CONCRETE
 1-----------------1-----------------1___________I___________ I____ ;______ I_
60 50 40 30 20 10
TEM PERATURE *F
Diagram i l l u s t r a t i n g  l o c i  f o r  t y p i c a l  f r o s t  
r e s i s t a n t  and f r o s t  v u ln e r a b le  c o n c r e t e .
( ta k e n  from Powers 1955)
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"The p r in c ip a l  phenomena may be sum m arized
a s  f o l l o w s :
(1 )  In  a l l  w a te r  soaked p a s t e s  n o t  c o n t a in in g  a i r - v o i d s  
e x p a n s io n  b e g in s  a t  th e  i n s t a n t  f r e e z i n g  b e g in s .
(2 )  Y/hen a i r  v o i d s  a r e  p r e s e n t  and c l o s e l y  spaced  i n i t i a l  
e x p a n s io n ,  i f  any, b e g in s  w ith  f r e e z i n g  and i s  f o l lo w e d  
by c o n t r a c t i o n .
(3 )  When c o o l i n g  i s  resumed a f t e r  a c o n s ta n t  tem p era tu re  
p e r io d ,  p a s t e s  w ith o u t  v o i d s  b e g in  a b r u p t ly  to  expand  
and t h o s e  w i t h  v o id s  b e g in  g r a d u a l ly  to  c o n t r a c t .
(4 )  In  f r e e z i n g  w a te r  soaked p a s t e s  o f  g iv e n  p o r o s i t y ,  
e x p a n s io n  i s  s m a l l e r ,  th e  s m a l le r  th e  s p a c in g  f a c t o r  o f  
th e  a i r  v o i d s ."  Powers and Helmuth (1953)
Pow ers' d e s c r i p t i o n  o f  th e  e f f e c t s  o f  c o o l i n g  
i n  f r o s t  r e s i s t a n t  and f r o s t  v u ln e r a b le  c o n c r e t e s  i s  b e s t  
i l l u s t r a t e d  a s  i n  f i g u r e  2 .  Sudden e x p a n s io n  a f t e r  f r e e z i n g  
i s  shown to  be t y p i c a l  o f  c o n c r e t e  v u ln e r a b le  t o  f r o s t ,  and 
a lo c u s  i l l u s t r a t i n g  c o n t r a c t i o n  o v e r  th e  e n t i r e  range i s  
shown to  be t y p i c a l  o f  f r o s t  r e s i s t a n t  c o n c r e t e .
M acln n is  (1 9 6 2 )  a p p l i e d  th e  Powers t e s t  a s  a 
r e s e a r c h  t o o l  to  e v a lu a t e  th e  f r o s t  r e s i s t a n c e  o f  cement  
g r o u t  m ix tu r e s  f o r  p r e - s t r e s s e d  c o n c r e t e .  He o b ta in e d  s e v e r ­
a l  p a t t e r n s  ( s e e  f i g u r e  3) w h ich  en a b le d  him to  s e l e c t  f r o s t  
r e s i s t a n t  g r o u t s .  P a t t e r n s  r a n g in g  from d i s t i n c t  e x p a n s io n s ,  
t o  l i n e a r  c o n t r a c t io n s  were o b s e r v e d .  The d i s t i n c t  e x p a n s io n s  
o b v io u s ly  r e p r e s e n te d  a g r e a t  v u l n e r a b i l i t y  to  f r o s t  damage i n  
d i r e c t  c o n t r a s t  to  th e  l i n e a r  c o n t r a c t i o n s  r e p r e s e n t i n g  d u r -
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F ig .  3 . T y p ic a l  l e n g t h  change p a t t e r n s  s h o w i n g  e f f e c t  
o f  m a tu r ity  on f r o s t  r e s i s t a n c e  ( ta k e n  from  
Phd. t h e s i s  by C. M a c ln n is ,  1962)
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P i e .  4 .  I d e a l i z e d  l e n g t h  change p a t t e r n s  i l l u s ­
t r a t i n g  i d e a l  f r o s t  r e s i s t a n t  and f r o s t  
v u ln e r a b le  l e n g t h  chs-nge p a u te rn s  (tc-.ken 
from Phd. t h e s i s  by C. M aclnnis  1962)
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a b l e  m ix e s .  P e r io d s  o f  no e x p a n s io n  were e x p la in e d  a s  a 
c a n c e l l i n g  ou t o f  o p p o s i t e  e f f e c t s ,  t h a t  i s  th e  ten d en cy  
t o  expand from th e  f r e e z i n g  w a te r  i n  th e  c a p i l l a r i e s  i s  
ab ou t e q u a l  t o  th e  th erm al c o n t r a c t i o n  p lu s  th e  ten d en cy  t o  
c o n t r a c t  due to  th e  d i f f u s i o n  o f  w a te r  from g e l  p o r e s  to  th e  
i c e  b o d ie s .  I n c r e a se d  r a t e s  o f  c o n t r a c t i o n  a f t e r  p e r io d s  o f  
c o n s t a n t  tem p eratu re  i s  c la im e d  to  o c c u r  a f t e r  i c e - c r y s t a l s  
b e g in  to  form i n  th e  a i r  v o i d s  o f  t h e  p a s t e ,  w h ich  ten d  t o  
a t t r a c t  w a te r  from th e  cement g e l  p o r e s ,  and on f u r t h e r  
c o o l i n g  ca u se  th e  g e l  t o  s h r in k .  As lo n g  a s  th e  i c e  c r y s t a l s  
have sp a ce  a v a i l a b l e  f o r  e x p a n s io n  i n  th e  a i r  v o i d s ,  th e  n e t  
r e s u l t  i s  a c o n t r a c t i o n  a t  a r a t e  g r e a t e r  th a n  t h a t  due to  
t h e  th erm a l c o e f f i c i e n t  a l o n e .  P a t t e r n s  o f  t h i s  typ e  r e p r e ­
s e n t  a f r o s t  r e s i s t a n t  c o n d i t i o n .  Normal tem p eratu re  con­
t r a c t i o n  f o l lo w e d  by in c r e a s e d  c o n t r a c t i o n  a f t e r  f r e e z i n g  
s t a r t s  i s  e x p la in e d  s i m i l a r l y .  C on stan t c o n t r a c t i o n  th ro u g h ­
o u t  th e  th erm a l range a l s o  r e p r e s e n t s  a f r o s t  r e s i s t a n t ,  c o n d i­
t i o n .  F ig u re  4 i l l u s t r a t e s  th e  i d e a l  p a t t e r n s  M acln n is  ob­
t a i n e d .
The r e s u l t s  o b ta in e d  i n  M aclnnis*  work p ro­
v id e d  a good com p arative  p i c t u r e  o f  th e  f r o s t  r e s i s t a n c e  o f  
v a r i o u s  g r o u t s  and se r v e d  to  c l a r i f y  th e  r e l a t i v e  im p ortan ce  
o f  th e  v a r io u s  f a c t o r s  a f f e c t i n g  f r o s t  r e s i s t a n c e  through  
th e  u se  o f  th e  Powers t e s t .  A ir  e n tr a in m e n t  was found to  be 
th e  m ost e f f e c t i v e  method o f  p r e v e n t in g  e x p a n s io n  and c r a c k ­
in g  caused  by f r e e z i n g  t e m p e r a tu r e s .  The in t r o d u c t i o n  o f  
e n t r a in e d  a i r ,  ev en  a t  a low p e r c e n ta g e  (5 /0  i n  a mix o f
24
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h ig h  w a te r -c e m e n t  r a t i o  was e f f e c t i v e  i n  e l i m i n a t i n g  a l l  
b u t  t r a n s i t o r y  e x p a n s io n s  a t  a l l  m a t u r i t i e s  t e s t e d .  He 
co n c lu d e d  t h a t  w a te r -c e m e n t  r a t i o  i s  n e x t  i n  im p ortan ce  
t o  a i r - e n t r a in m e n t  i n  p r o v id in g  f r o s t  p r o t e c t i o n  f o r  g r o u t s .  
P r o v id e d  a mix c o n ta in e d  a t  l e a s t  5% e n t r a in e d  a i r  a  lo w e r  
w a te r -c e m e n t  r a t i o  seemed more e f f e c t i v e  th a n  a d d i t i o n a l  
a i r  i n  i n c r e a s i n g  f r o s t  r e s i s t a n c e .  M a cln n is  was a l s o  a b le  
t o  e s t a b l i s h  c u r in g  p e r io d s  w hich  would g i v e  f r o s t  r e s i s t ­
ance t o  g r o u t s  a t  v a r i o u s  w a te r -c e m e n t  r a t i o s ;  he a l s o  
c o n c lu d e d  t h a t  th e  ty p e  o f  cement u se d  was o f  m inor im p o r t­
a n ce  compared w i t h  a i r  e n tr a in m e n t  o r  w a te r -c e m e n t  r a t i o  i n  
th e  a c h ie v e m e n t  o f  f r o s t - r e s i s t a n t  g r o u t s .
147092
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CHAPTER V
FORMULATION OF EXPERIMENTAL PROGRAMME
I t  *79.s f e l t  t h a t  th e  Powers t e s t  co u ld  
be c o n v e n ie n t ly  u t i l i z e d  t o  e s t a b l i s h  l i m i t i n g  w a ter -  
cement r a t i o  r e q u irem en ts  f o r  c o n c r e te  under v a r io u s  
ex p o su r e  c o n d i t i o n s .  I t  was t h e r e f o r e  d e c id e d  to  a p p ly  
t h i s  t e s t  to  a s e r i e s  o f  m ortar  p r ism s ,  ( 1 "x1"x10 " ) ,  
r e p r e s e n t in g  a range o f  w a ter -c em en t  r a t i o s  and e x ­
p o su re  c o n d i t i o n s .  The v a r io u s  f a c t o r s  to  be con­
s id e r e d  i n  fo r m u la t in g  th e  e x p e r im e n ta l  programme were  
d e a l t  w i t h  a s  f o l l o w s :
Range o f  Water-Cement R a t io s
M ixes o f  th e  f o l l o w i n g  w a ter -c em en t  r a t i o s  
were in c lu d e d  i n  th e  programme: 0 .4 o ,  0 . 4 5 ,  0 . 4 8 ,  0 .5 0 ,  
0 .5 5 ,  0 . 5 8 ,  0 .5 9 ,  0 .6 0 ,  0 .6 5 ,  and 0 . 7 0 .  A ir - e n t r a in e d  
m ix e s  ( c o n t a in in g  nom inal 9% a i r )  were p rep a red  a t  ea ch  
o f  t h e s e  w a ter -c em en t  r a t i o s  w h i le  p l a i n  m ixes  were p re ­
pared a t  w a ter -c em en t  r a t i o s  o f  0 .4 0 ,  0 . 5 0 ,  and 0 .6 0 .  
T w en ty -fo u r  sp ec im en s (4  b a t c h e s  o f  6 ea ch )  w ere p r e ­
pared  f o r  e a c h  m ix .
S im u la t io n  o f  D i f f e r e n t  Exposure c o n d i t io n s
S in c e  th e  s e v e r i t y  o f  an e x p o su r e  c o n d i­
t i o n  i s  l a r g e l y  a f u n c t io n  o f  th e  d e g r e e  o f  s s - tu r a t io n  
o f  th e  c o n c r e te  i t  was f e l t  t h a t  th e  b e s t  way t o  s im u la te  
d i f f e r e n t  d e g r e e s  o f  s e v e r i t y  o f  exp o su re  c o n d i t i o n s  i n
26
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th e  l a b o r a t o r y  would be to  c o n d i t i o n  specim en s to  v a r io u s  
d e g r e e s  o f  s a t u r a t i o n  w hich i n  tu r n  co u ld  be r e l a t e d  to  
t y p i c a l  f i e l d  exp osure  c o n d i t i o n s .  A l l  m ixes  were t h e r e ­
f o r e  t e s t e d  a t  100^ s a t u r a t io n  and a t  s u c c e s s i v e l y  s m a l le r  
d e g r e e s  o f  s a t u r a t i o n  u n t i l  th e  l e n g t h  change p a t t e r n  pro­
duced f o r  t h a t  mix by th e  Powers t e s t  i n d i c a t e d  t h a t  e x ­
p a n s iv e  t e n d e n c ie s  no lo n g e r  e x i s t e d .  I n  t h i s  way i t  
would be p o s s i b l e  to  e s t a b l i s h  th e  d e g r e e  o f  s a t u r a t io n  
t h a t  would produce a c r i t i c a l  l e n g t h  change p a t t e r n  f o r  a 
mix o f  a g iv e n  w ater-cem en t r a t i o .
Choice o f  M ixes
Mortar m ixes  h a v in g  a c e m e n t-a g g r e g a te  
r a t i o  o f  1 : 2 .7 5  were used  f o r  th e  e n t i r e  programme, w ater  
b e in g  gauged to  produce th e  d e s i r e d  w /c  r a t i o s .  The 
c h o ic e  o f  m ortar  m ixes  r a t h e r  th a n  c o n c r e te  was b ased  on 
th e  id e a  t h a t  th e  f i n e s  would have l i t t l e  i n f l u e n c e  on 
th e  b e h a v io u r  o f  th e  cement p a s t e .  However i f  c o a r se  
a g g r e g a te  were in tr o d u c e d  th e  r e s u l t s  would n o t  be r e ­
p r e s e n t a t i v e ,  s in c e  th ey  would change f o r  e v e r y  c o a r se  
a g g r e g a te  u se d ,  a s  w e l l  a s  f o r  d i f f e r e n t  s i z e s  o f  c o a r se  
a g g r e g a t e .  However i t  was f e l t  t h a t  by u s in g  m o rta rs ,  
l i m i t i n g  w a ter -c em en t  r a t i o s  co u ld  be e s t a b l i s h e d  w hich  
would h o ld  t r u e  f o r  th e  p a s t e ,  and in d e e d  f o r  c o n c r e te  
p r o v id e d  t h a t  a g g r e g a te  w ith  a good d u r a b i l i t y  h i s t o r y  
were u se d .
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M a tu r ity  o f  The T e s t  Specim ens
I t  h as  b een  w e l l  e s t a b l i s h e d  t h a t  m a tu r ity  
o f  c o n c r e t e  has  a s i g n i f i c a n t  a f f e c t  on i t s  f r o s t  r e s i s t ­
a n c e .  I t  was d e c id e d  t h e r e f o r e  t h a t  a l l  p r ism s t e s t e d  i n  
t h i s  programme would be s u b j e c t e d  t o  a minimum o f  one  
m o n th 's  s tan d ard  la b o r a to r jr c u r in g  b e f o r e  b e in g  s u b j e c t e d  
t o  th e  Powers t e s t .  T h is  was d e s i r a b l e  b e c a u se  th e  aim  
o f  th e  programme was to  e s t a b l i s h  l i m i t i n g  w /c  r a t i o s  f o r  
c o n c r e t e  t h a t  h as  b een  s u b j e c t e d  to  a s a t i s f a c t o r y  regim e  
o f  c u r in g  b e f o r e  b e in g  s u b j e c t e d  to  f r e e z i n g  and th aw ing  
c o n d i t i o n s .
28
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER VI 
EQUIPMENT AND MATERIALS
M ixing  A pparatus
Two m ix e rs  were u se d ,  one s m a l l  one f o r  
u se  i n  p r e l im in a r y  s t u d i e s  and one f o r  th e  main programme.
The s m a l l e r  m ixer  was a Hobart m odel N-50 i n  a cco rd a n ce  
w it h  A .S .T .M . C305 and A .A .S .H .O . T -162 , w hich  i s  w id e ly  
u se d  f o r  m ix in g  sm a ll  ( 1 / 6  cu . f t . )  b a tc h e s  i n  cement 
l a b o r a t o r i e s ,  ( s e e  f i g u r e  E 1 ) .  I t  i s  f u r n is h e d  w ith  a 5 quart  
s t a i n l e s s  s t e e l  bow l, s t a i n l e s s  s t e e l  f l a t  b e a t e r  and 1 /6  
H. P. s i n g l e  p hase  m otor. The second  m ixer  was m anufactured  
by R eyn o ld s  Co. I t  i s  a 12 q u art m ix er , and h as 1 /3  c u b ic  
f o o t  m ix in g  c a p a c i t y .  I t  has a t in n e d  s t e e l  bowl w ith  
p l a n e t a r y  m ix in g  a c t i o n  by means o f  a f l a t  ty p e  b e a t e r .  I t  
has a 1 /3  H. P . ,  .115 v o l t  and 60 c y c l e  m otor.
Specim en Moulds
The 1 **3c 1 *'x 10*' m ortar  p r ism s were formed u s in g  
two gang m ou ld s , ( s e e  f i g u r e  E 2 ) ,  made o f  s t e e l ,  w i t h  b ase  
p l a t e ,  rem ovable  p a r t i t i o n s ,  and end p l a t e s .  The end p l a t e s  
o f  t h e  m oulds have p r o v i s i o n s  f o r  c a s t i n g  c o n t a c t  p o i n t s  in t o  
th e  en d s  o f  th e  specim en s so t h a t  th e  e f f e c t i v e  gauge l e n g t h  
i s  10" b etw een  th e  in n e r  en d s  o f  th e  embedded gauge p o i n t s .
The r e f e r e n c e  p o i n t s  a r e  made o f  s t a i n l e s s  s t e e l ,  k n u r led  
and th r e a d e d  f o r  u se  w i t h  cement prism  m oulds.
Vacuum S a t u r a t io n  Equipment
Equipment u sed  f o r  vacuum s a t u r a t i n g  specim ens
29
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f i g . E I 1 /6  cu . f t .  and 1/3  cu . f t .  m ix ers
f i g ,E 2  Two gang moulds f o r  m ou ld in g  ^ ' x ^ ' x i o ” n r ism s
30
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
f i g . E 3  M ech an ica l vacuum pump c o n n ec ted  to  5 g a l l o n
carbuoy
f i g . E 4  L ength  Comparator
31
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was q u i t e  s im p le ,  ( s e e  f i g u r e  E 3 ) .  A 5 g a l l o n  c a p a c i t y  c a r ­
buoy eq u ip p ed  w i th  a ru b b er  s to p p e r ,  th ro u g h  w hich a 6 ' - 0 "  
l o n g ,  d ia m e te r ,  rubber vacuum tu b e  co n n ected  t o  a mechan­
i c a l  vacuum pump was i n s e r t e d  p r o v id e d  means f o r  s a t u r a t i n g  
s p e c im e n s .
F r e e z in g  Equipment
The f r e e z e r  used  was m anufactured  by L a b - l in e  
I n s tr u m e n ts  I n c . ,  and has a f i v e  and o n e - h a l f  c u b ic  f o o t  
c a p a c i t y ;  i t  i s  eq u ip p ed  w i t h  a 115 v o l t ,  60 c y c l e ,  1 H.P. 
m otor . A L eeds  and N orthrup tem p era tu re  p o t e n t io m e te r
a
c a l i b r a t e d  to  read  d i r e c t l y  i n  F was used  to  m easure th e  
te m p e r a tu r e  i n  th e  f r e e z i n g  chamber.
L en gth  Comparator
The l e n g t h  com parator u sed  f o r  m ea su r in g  
l e n g t h  ch a n g es  o f  th e  m ortar sp e c im en s  c o n s i s t s  e s s e n t i a l l y  
o f  an e x te n s o m e te r  mounted on a m e ta l  s ta n d ,  ( s e e  f i g u r e  E 4 ) . 
I t  i s  a d a p te d  to  m easure l e n g t h  changes o v e r  an e f f e c t i v e  
gauge l e n g t h  o f  10 i n .  The d i a l  gauge r e a d s  to  0 .0 0 0 1  i n .  
and has a ran ge  o f  0 .4 0 0 0  i n .  The com parator i s  f u r n is h e d  
w it h  a s ta n d a rd  in v a r  t e s t  b ar  f o r  c h e c k in g  d i a l  r e a d in g s .  
M a t e r ia l s
The f o l l o w i n g  m a t e r i a l s  were used  f o r  th e  t e s t
programme:
( a )  cem ent; The cement used  f o r  th e  m ortar  m ixes  was Lake 
O n ta r io  Type I P o r t la n d  cem ent. P r o p e r t i e s  o f  th e  
cement a re  g iv e n  i n  t a b l e  I I .
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(b )  sand: P a r is  sand m e e t in g  th e  A .S .T .M . req u ir e m e n ts  f o r  
c o n c r e t e  sand was employed a s  th e  t e s t  sand . T h is  sand  
i s  u se d  by th e  O n tario  Hydro a s  a stan d ard  r e f e r e n c e  
sand , and i s  known to  be non r e a c t i v e .  Choice o f  sand 
was made a f t e r  t e s t s  on a s tan d ard  Ottawa S i l i c a  Sand 
i n d i c a t e d  th e  sand p o s s e s s e d  in h e r e n t  a i r - e n t r a i n i n g  
p r o p e r t i e s  and t e s t s  on a la k eh ea d  sand i n d i c a t e d  i t  t o  
be o f  poor g r a d a t io n ;  i t  was a l s o  c h e r t y .
( c )  w a te r :  D i s t i l l e d  w a ter  'fas used  f o r  a l l  m ixes  to  in s u r e  
a g a i n s t  any i m p u r i t i e s .
(d) a i r - e n t r a i n i n g  a g e n t :  Darex a i r - e n t r a i n i n g  a g e n t  produced  
by S ik a  Chemical Co. was used  i n  a l l  a i r - e n t r a i n e d  m ix e s .
33
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CHAPTER VII  
EXPERIMENTAL PROCEDURES
M ix in g  P ro ced u res
The m ortar p r ism s  were prepared  u s in g  a 
cement a g g r e g a te  r a t i o  o f  1 : 2 .7 5  by w e ig h t  w i t h  w ater  
gauged t o  produce th e  d e s i r e d  w a ter -c em en t  r a t i o .  The 
m ix in g  t e c h n iq u e  was b a s i c a l l y  a s  f o l l o w s .  Cement was 
p la c e d  i n  th e  12 quart m ix in g  b o w l. H ater  was added and 
th e  r e s u l t i n g  p a s t e  ’was mixed f o r  1 m in u te ,  th e  w ater  
h a v in g  p r e v i o u s l y  been  p repared  w i t h  th e  p rop er  amount o f  
d a r e x ,  ( a i r - e n t r a i n i n g  a g e n t ) .  F in e  a g g r e g a te  ( P a r i s  Sand) 
was added and th e  r e s u l t i n g  m ortar was th e n  mixed f o r  a 
t h r e e  m inute p e r io d .
A ir  C ontent Measurement
A ir  c o n te n t  m easurem ents were ma.de on a l l  
m ix e s .  The g r a v im e tr ic  method o f  m easu rin g  a i r  c o n te n t  was 
f e l t  t o  be th e  m ost a c c u r a te  and was employed i n  t h i s  p r o j e c t .  
A copper  c y l i n d r i c a l  tu b e ,  c lo s e d  a t  one end was th e  m easuring  
d e v i c e .  I t  was c a l i b r a t e d  by f i l l i n g  i t  to  th e  brim w ith  
w a te r ,  th e  s u r fa c e  b e in g  checked f o r  u n i fo r m ity  by p la c in g  a 
smooth g l a s s  p l a t e  o v e r  th e  s u r f a c e .  The volume o f  th e  con-  
t a i n e r  'was c a l i b r a t e d  by u s in g  th e  s p e c i f i c  g r a v i t y  o f  w a ter  
a t  70 F t  1 °F. The f i r s t  s t e p  i s  t o  d e term in e  th e  a b s o lu t e  
u n i t  w e ig h t  o f  th e  mix (Y f(t)) by c o n s id e r in g  th e  s p e c i f i c  
g r a v i t y  o f  ea ch  o f  i t s  c o n s t i t u e n t s .  Then th e  a c t u a l  u n i t
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w e ig h t  (V/(a)) i s  o b ta in e d  by w e ig h in g  th e  c a l i b r a t e d  c y l ­
i n d e r .  The d i f f e r e n c e  b etw een  th e  two u n i t  w e ig h t s  e x ­
p r e s s e d  a s  a p e r c e n ta g e  o f  th e  a b s o lu t e  u n i t  w e ig h t  i s  a 
m easure o f  th e  a i r  c o n t e n t .
C uring
Im m ed ia te ly  a f t e r  th e  m ortar was c a s t  i n  
th e  m oulds, th e  moulds were c o v ered  w i t h  damp b u r la p  bags  
f o r  24 h o u r s .  S t r ip p in g  o f  th e  moulds to o k  p la c e  a f t e r  
24 h o u rs;  th e  sp ec im en s were th e n  t r a n s f e r r e d  to  th e  cur­
i n g  chamber, where th e y  were s u b j e c t e d  to  s tan d a rd  c o n c r e te  
l a b o r a t o r y  c u r in g  c o n d i t i o n s ,  ( 7 0 ° F ( “6°F) and 100% R .H .) ,  
f o r  t h e  r em a in in g  o f  th e  28 day  c u r in g  p e r io d .
P r e p a r a t io n  o f  Specim ens f o r  Powers T e s t
The second  p o r t io n  o f  th e  e x p e r im e n ta l  p hase  
i n v o lv e d  th e  p r e p a r a t io n  o f  th e  spec im en s f o r  th e  Powers  
t e s t .  A f t e r  28 d ays  sp ec im en s  were removed from th e  c u r in g  
chamber. Specim ens were ov en  d r ie d  a t  2 0 0 °F to  o b t a in  t h e i r  
r e s p e c t i v e  d ry  w e ig h t s ,  i t  b e in g  f e l t  t h a t  s in c e  a t  28 d ays  
h y d r a t io n  would be l a r g e l y  co m p le ted ,  th e  e f f e c t  o f  oven  
d r y in g  would be n e g l i g i b l e .  To a c h ie v e  d e g r e e  o f  s a t u r a t i o n  
two m ethods were em ployed: ( i )  Specim ens were s im p ly  soaked  
f o r  d i f f e r e n t  i n t e r v a l s  o f  t im e ,  and t h e i r  w et w e ig h t s  r e ­
co rd ed , g i v i n g  a c c u r a te  d e t e r m in a t io n  o f  f r e e  w a te r  a b so r b e d ,  
( i i )  Specim ens were vacuum s a t u r a t e d  by u se  o f  a m e c h a n ic a l  
vacuum pump co n n ec ted  to  a 5 g a l l o n  p yrex  carbuoy, i n  w h ich  
th e  sp e c im en s  were i n s e r t e d .
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To a c h ie v e  100% s a t u r a t i o n  th e  vacuum 
pump was run f o r  1 hour and th e n  sh u t  o f f ;  th e  spec im en s  
were th e n  a l lo w e d  t o  soak 24 hours b e f o r e  rem o v a l.  T h is  
a l lo w e d  any vapour i n  th e  p o r e s  to  condense and a l lo w e d  
maximum amount o f  w a te r  to  be a b so r b e d .
The s im p le  s o a k in g  p roced u re  was used  m a in ly  
t o  o b t a in  0% t o  50% s a t u r a t i o n  o f  th e  sioeciraens, d i f f e r e n t  
d e g r e e s  o f  s a t u r a t i o n  b e in g  o b ta in e d  by v a r y in g  th e  l e n g t h  
o f  th e  s im p le  so a k in g  p e r io d .
The vacuum s a t u r a t i o n  t e c h n iq u e  was employed  
f o r  th e  range o f  50% -100%  s a t u r a t i o n ,  s a t u r a t i o n  below  100^ 
b e in g  a c h ie v e d  by v a r y in g  th e  s o a k in g  tim e a f t e r  th e  pump 
was sh u t  o f f .  The p u rp ose  o f  th e  vacuum t e c h n iq u e  was to  
remove a s  much a i r  from th e  sp ec im en s  a s  p o s s i b l e  and to  r e ­
p la c e  t h i s  w i t h  w a te r .
To e n su r e  a g a i n s t  e s c a p e  o f  m o is tu r e ,  im m ediate­
l y  a f t e r  c o n d i t io n in g  t o  d e s i r e d  d e g r e e  o f  s a t u r a t i o n ,  th e  
sp e c im en s  were wrapped i n  2 m i l .  p o l y e t h e l e n e  and f a s t e n e d  w i t h  
e l a s t i c  b ands. The ends were s e p a r a t e l y  wrapped t o  f a c i l i t a t e  
l e n g t h  change mea.surements.
F r e e z in g  P ro ced u res
A c co rd in g  to  Powers (1 9 5 5 )  h ig h  r a t e s  o f  c o o l ­
i n g  g i v e  a d i s t o r t e d  p i c t u r e  o f  f r o s t  r e s i s t a n c e ,  b e c a u se  i t  
g i v e s  an o v e r lo a d  t e s t  r a t h e r  th a n  an a c c e l e r a t e d  n a t u r a l  
p r o c e s s .  " I f  i n  a g iv e n  cement p a s t e ,  the  p r i n c i p a l  cause
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o f  s t r e s s  i s  h y d r a u l ic  p r e s s u r e ,  a h ig h  f r e e z i n g  r a t e  w i l l  
l e a d  t o  an o v e r e s t im a te  o f  v u l n e r a b i l i t y . "  Thus i t  was 
d e c id e d  to  employ a c o o l i n g  r a t e  o f  a p p r o x im a te ly  5 °P p er  
hour i n  th e  f r e e z i n g  z o n e .
Twelve sp ec im en s  a t  a t im e were p la c e d  i n  
th e  f r e e z i n g  chamber. Temperature was low ered  from room 
tem p era tu re  to  zero  d e g r e e s .  Tem peratures were measured by 
u s in g  a therm ocouple  i n s e r t e d  i n  th e  f r e e z e r  a t  th e  same 
l e v e l  a s  th e  sp e c im en s .  The therm ocouple  was co n n ec ted  to  
a p o t e n t io m e te r  which was c a l i b r a t e d  to  read d i r e c t l y  i n  d e­
g r e e s  f a r e n h e i t .  The f r e e z e r  tem p eratu re  guage ’was c a l i ­
b r a te d  a g a i n s t  th e  th erm ocou p le  sy stem . T h is  was n e c e s s a r y  
a s  th e  f r e e z e r  was n o t  d e s ig n e d  f o r  lo w e r in g  tem p e r a tu r e s  
a t  s h o r t  and c o n s ta n t  i n t e r v a l s  o f  t im e .  T h is  c a l i b r a t i o n  
made i t  p o s s i b l e  to  s e t  an ap p rox im ate  tem p eratu re  th a t  
would be e x p e c te d  i n  th e  f r e e z i n g  chamber; e x a c t  tem pera­
t u r e s  were a lw ays  measured by p o t e n t io m e te r .  A f t e r  ea ch  
tem p era tu re  drop th e  spec im en s remained in  th e  f r e e z e r  f o r  
1 hour, a f t e r  'which th e y  were removed fo u r  a t  a t im e ,  and 
l e n g t h  changes were measured by th e  le n g t h  com parator. The 
ends were th e n  rewrapped and th e  specim ens s u b je c te d  to  a 
f u r t h e r  tem p eratu re  d rop . Data was reco rd ed  f o r  th e  l e n g t h  
change o f  each  specim en a t  e a c h  p a r t i c u l a r  tem p e r a tu r e .  Each 
c y c l e  to o k  a p p r o x im a te ly  12 to  13 hours o f  la b o r a to r y  t im e .  
The reco rd ed  d a ta  'was th e n  p lo t t e d - t e m p e r a t u r e  v s .  s t r a i n .
37
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
As a means o f  m easu r in g  tem p era tu re  la g  
b etw een  th e  f r e e z i n g  chamber and th e  spec im en s tvro dummy 
spec im en s were made ea ch  h a v in g  a th erm ocou p le  i n s e r t e d  i n  
i t ;  t h i s  p r o v id e d  a s su r a n c e  t h a t  th e  specim en s were talcen  
s u b s t a n t i a l l y  below  th e  f r e e z i n g  p o i n t .
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CHAPTER V III  
DISCUSSION OP EXPERIMENTAL RESULTS
The e x p e r im e n ta l  r e s u l t s  a re  p r e s e n te d  i n  
f i g u r e s  5 t o  14. B a s i c a l l y  o n ly  two d i s t i n c t i v e  l e n g t h -  
change p a t t e r n s  were p rod u ced , i e .  th e  sp ec im en s  e i t h e r  
e x h i b i t e d  a c o n t in u o u s  c o n t r a c t i o n  d u r in g  th e  f r e e z i n g  
o y c l e  o r  e l s e  e x h i b i t e d  an e x p a n s io n  a t  some s t a g e  o f  th e  
f r e e z i n g  c y c l e  i n  w hich  c a se  th e  e x p a n s io n  in c r e a s e d  a s  th e  
te m p e r a tu r e  was low ered  f u r t h e r .  The e x p a n s io n  p a t t e r n s  
e x h i b i t e d  would s u g g e s t  t h a t  h y d r a u l i c  p r e s s u r e  i s  th e  main  
mechanism c a u s in g  e x p a n s io n  i n  t h e s e  s p e c im e n s .
From f i g u r e s  5 ,  6 ,  and 7 i t  can be s e e n  t h a t  
t h e  a i r - e n t r a i n e d  m ix e s  s.t w a te r -c e m e n t  r a t i o s  o f  0 . 4 0 ,
0 . 4 5 ,  0 . 4 8 ,  0 .5 0  and 0 . 5 5  e x h i b i t e d  no e x p a n s iv e  t e n d e n c ie s  
e v e n  a t  100$ s a t u r a t i o n .
Prom f i g u r e s  8 ,  9 and 10 i t  can be s e e n  t h a t  
f o r  a i r - e n t r a i n e d  m ix e s  a t  w a te r -c e m e n t  r a t i o s  o f  0 . 6 0 ,
0 . 6 5  and 0 . 7 0 ,  when t h e  d e g r e e  o f  s a t u r a t i o n  was o v e r  90$ ,  
e x p a n s io n s  were produced i n  th e  f r e e z i n g  t e s t  and th e  h ig h e r  
th e  d e g r e e  o f  s a t u r a t i o n  th e  g r e a t e r  th e  e x p a n s io n .  A lso  
th e  h ig h e r  th e  w a ter -c em en t  r a t i o  th e  g r e a t e r  i s  th e  expan­
s i o n .  T h is  i s  a l s o  shown v e r y  d r a m a t i c a l l y  i n  f i g u r e  11 
where th e  e x p a n s iv e  t e n d e n c ie s  o f  a i r - e n t r a i n e d  m ixes  o f  
w a te r -c e m e n t  r a t i o s  r a n g in g  from 0 .5 8  t o  0 .7 0  a r e  compared. 
A l l  t e s t  r e s u l t s  i n  f i g u r e  11 were from 100$ s a tu r a te d  
sp e c im e n s .
I t  i s  i n t e r e s t i n g  t o  compare th e  r e s u l t s  
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f o r  th e  p l a i n  and a i r - e n t r a i n e d  m ix e s ,  f i g u r e s  12, 13, and 
14. I t  can be s e e n  from f ig u r e  12 t h a t  a p l a i n  mix o f  a 
w a ter -c em en t  r a t i o  a s  low as 0.4-0 e x h i b i t s  e x p a n s iv e  t e n d ­
e n c i e s  when th e  d e g r e e  o f  s a t u r a t i o n  i s  90Ja o r  h ig h e r .  As 
th e  ’w ater-cem en t r a t i o  i s  in c r e a s e d  to  0 .5 0  th e  e x p a n s io n s  
e x h i b i t e d  by th e  p l a i n  m ixes  a re  c o n s id e r a b ly  h ig h e r ,  
f i g u r e  13, and h ig h e r  s t i l l  a t  a w ater -cem en t r a t i o  o f  0 .6 0  
f i g u r e  14.
In  19^2 f o r  w a ter  l i n e  s t r u c t u r e s  where 
com p le te  s a t u r a t i o n  was p o s s i b l e ,  th e  ACI code o f  recom­
mended p r a c t i c e  s p e c i f i e d  a w /c  r a t i o  o f  0 .5 0  f o r  m oderate  
and heavy s e c t i o n s .  In 1954 w i t h  th e  a d v en t  o f  a i r - e n t r a i n  
ment i n  c o n c r e te  p r a c t i c e ,  th e  ’w ater  req u ir e m e n ts  f o r  ex ­
p osu re  c o n d i t io n s  were red u ced . For exam ple , 'water l i n e  
s t r u c t u r e s  w ith  m oderate s e c t i o n ,  th e  'water-cem ent r a t i o  
was reduced  from 0 .5 8  to  0 . 4 7 .  T h is  seems d i r e c t l y  opposed  
to  th e  a r g u m e n t - i f  d u r a b i l i t y  i s  in c r e a s e d  one 'would e x ­
p e c t  th e  a l lo w a b le  w a ter  req u irem en t  to  i n c r e a s e ,  o r  a t  
l e a s t  rem ain  th e  same. Indeed th e  w a ter -cem en t r a t i o s  
recommended by th e  1954 code seem q u i te  c o n s e r v a t iv e ,  
a l th o u g h  i t  i s  p ro b a b ly  j u d i c i o u s  to  be c o n s e r v a t iv e  be­
ca u se  o f  o th e r  f a c t o r s  ’which co u ld  c o n t r ib u t e  t o  d e t e r ­
i o r a t i o n ,  f o r  exam ple, l e a c h in g  o r  m o is tu r e  movement.
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EFFECT OF DEGREE OF SATURATION
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F ig . 7
EFFECT OF DEGREE OF SATURATION 
ON LENGTH CHANGE PATTERNS 
W/C =0-55
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EFFECT OF DEGREE OF SATURATION 
ON LENGTH CHANGE PATTERNS 
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F ig .  10
EFFECT OF DEGREE OF SATURATION 
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F ig . 12
EFFECT OF AIR ENTRAPMENT AND DEGREE 
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CHAPTER IX 
CONCLUSIONS
Based on an e v a l u a t i o n  o f  th e  f r e e z e -  
c y c l e  p a t t e r n s  o b t a in e d ,  th e  f o l l o w i n g  c o n c lu s io n s  would 
a p p ear  to  be w arran ted :
( i )  The r e s u l t s  f o r t i f y  th e  p o s i t i o n  o f  a ir - e n tr a im n e n t  
as an e x c e l l e n t  d u r a b i l i t y  a i d .  Indeed  when th e  d e ­
g ree  o f  s a t u r a t i o n  o f  th e  c o n c r e te  i s  l i k e l y  t o  be 
h ig h ,  a ir - e n t r a in m e n t  would seem to  be mandatory  
ev en  f o r  m ix es  o f  w a ter -c em en t  r a t i o s  a s  low a s  0.4-0.
( i i )  For ex p o su re  c o n d i t i o n s  where com p le te  s a t u r a t i o n  i s  
l i k e l y  to  be a t t a i n e d ,  th e  l i m i t i n g  w a ter -cem en t r a t i o  
f o r  a i r - e n t r a i n e d  m ixes  was found  to  be 0 .5 8 .
( i i i )  The f a c t  t h a t  when pronounced e x p a n s io n  o c c u r r e d ,  i t  
d id  so f o r  sp ec im en s  90% t o  \00%  s a tu r a t e d  s u g g e s t s  
t h a t  h y d r a u l i c  p r e s s u r e  i s  th e  l i k e l y  mechanism c a u s­
in g  e x p a n s io n .  The r e s u l t s  s u g g e s t  90% a s  th e  l i m i t ­
in g  d e g r e e  o f  s a t u r a t i o n ;  above t h i s  d e g r e e  o f  s a tu r a ­
t i o n  i s  d a n g er  o f  f r o s t  damage.
( i v )  In c l im a t e s  where t h e r e  i s  no l i k e l i h o o d  o f  a h ig h  
d e g r e e  o f  s a t u r a t i o n ,  non a i r - e n t r a i n e d  m ixes  w i t h  
w a ter-c em en t  r a t i o s  a s  h ig h  a s  0 .7 0  co u ld  presum ably  
be u sed  s a f e l y .  However i f  f r e e z i n g  te m p e r a tu r e s  a r e  
l i k e l y  to  p r e v a i l  i t  would seem a d v i s a b le  to  u se  a i r -  
en tra in m en t  a s  a p r e c a u t io n .
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(v )  The l i m i t i n g  water* cement r a t i o s  recommended by 
th e  1954 ACI code appear t o  be unduly c o n s e r v a t i v e .
( v i )  I t  i s  f e l t  t h a t  th e  Powers t e s t  shou ld  be c o n s id e r e d  
f o r  u se  i n  r o u t in e  e v a lu a t io n  o f  c o n c r e te  m ixes  as  
w e l l  a s  f o r  r e s e a r c h  p u r p o se s .
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APPENDIX B
TABLE II
CHEMICAL AND PHYSICAL TEST RESULTS FOR LAICS ONTARIO 
NORMAL PORTLAND CEMENT
CHEMICAL ANALYSIS 
O5 S 5 L\%
C0 S 22%
C^A 1 0 .2 #
C4 AF 6%
PHYSICAL TESTS
B la in e  F in e n e s s
F in e n e s s ,  sq . cm ./g  3816
SOUNDNESS
A u to c la v e  E xp an sion , Per Cent 0 .12%
TIME OF SET, GILLMORS NEEDLE
I n i t i a l ,  h r  : rain. 2 :2 5
F i n a l ,  hr  : rain. 4 :0 0





Normal C o n s is t e n c y ,  2 4 .0 ^
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APPENDIX C
TABLE I I I
COMPOSITION OF PARIS SAND
P a r t i c l e s  in  Per c e n t  by Count i n
V a r io u s  S ie v e  S i z e s  T o ta l
S ie v e  S i z e s  N o .4  3 14 28 48 100 3 t o  100
P er c e n t  R e ta in e d
D o lo m ite
D o lo m ite ,  p i t t e d 3 6 .5 5 4 .7 5 5 .0 2 8 .0 1 8 .3  1 6 .3 3 1 .1
D o lo m ite ,  c a l c i t i c 3 .6 3 . 7 .5
(o r  w i t h  c o a t in g ) 2 5 .0 7 .1 5 .7 1 0 .0 4 . 9 5 .8
L im eston e 3 .6 .3 1 .7 2 .7 2 . 7  1 2 .7 3 . 2
L im esto n e ,  d o l o m i t i c 3 .6 2 .0 7 . 0 1 2 .7 6 .7 6 . 7
( s h a ly ? )
M arl, a p h a n i t i  e 1 2 .4 5 .3 4 .3 5 .7 6 . 3  .3 4 . 8
fl , b r i t t l e .7 1 .0 .3 1 .0 .7
" , f r i a b l e .9 .3 .7 .7 1 .0 .6
S h a ly ,  c a lc a r e o u s
sand s t o n e , browni sh 13 .0 6 .7 5 . 0 5 .7  1 .5 5 .9
” " d i s t i n c t l y
l i m o n i t i c 2 .7 1 .7 2 .3 1 .0 1 .0  1 .2 1 .3
I r o n s to n e 2 .7 1 .0 1 .0 2 .3 1 .0  .3 1 .3
San d ston e 1.3 1.T .3 .7  .3 .7
, b r i t t l e .3
R ecen t  sa n d s to n e .7 1 .0 .7 .6
Chert T. S. 1247 .9 1 .0 .3 1 .0 • p .3 • -P
A p l i t e  T. S. 1247 2 .0 2 .7 5 . 0 6 . 0  4 ,1 4 . 2
G ra n ite 4 .5 2 .0 2 .3 4 . 0 2 .0  3 .3 2 . 6
, b r i t t l e .3 .3 .  1
G n e iss .7 1 .3 .3 .4
D ia b a se .9 .7 .3 .3 .3
H o r n fe ls  T. S. 1247 .3 1 .3 1 .3 .6
vr
For d o lo m ite  25.4j£ p a s s e d th e n o . 100 s ie v e •
The p h y s i c a l  q u a l i t y  o f b r i t t l e  m arl, sands to n e and g r a n i t e  i s f a i r
and f o r  f r i a b l e marl p oor .
The ch em ica l  q u a l i t y  o f l i m o n i t i c  sa n d sto n e , i r o n s t o n e  and b r i t t l e
and f r i a b l e  m arl i s  d e l e t e r i o u s .
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APPENDIX C
TABLE I I I
COMPOSITION OF PARIS SAND
P a r t i c l e s  i n  P e r  c e n t  by Count i n
V a r io u s  S ie v e  S i z e s  P a ss  T o ta l
S ie v e  S i z e s  No. A 
P er c e n t  R e ta in e d
8 14 28 48 100 100 8 t< 
10<
G r e e n s c h is t
( p y r i t e )  1 .8 .5 1 .3 1 .7 .7 .7 1 .0
S l a t e  .9 .3 .3 .3 .2
Quartz .3 1 .0 9 . 7 2 7 .1 2 7 .9 1 9 .4 1 4 .9
Quartz w i t h  m a f ic s .7 3 . 0 2 .0 3 .0 1 .8
F e ld s p a r .7 4 . 0 7 . 0 9 . 4 4 . 8 4 .5
M a f ic s  ( a m p h ib o le , 
P y r o x e n e ) 









A c c e s s o r y  m in e r a ls 1 .0 3 .0 7 . 0 .0
Opaque m in e r a ls .7 .7 1 .0 .3
D ust (ca .rb o n a te ,  
s i l i c a t e ) 1 5 .0 . 7
C arbonate g r a in s 1 .0 5 .1 1 6 .9 1 .7
100 100 100 100 100 100 100 100
Hcl i n s o l u b l e  r e s id u e 2 6 .6 3 0 . 4 4 0 .5 5 6 .3 6 7 .2 4 8 .3 4 5 .2
S u lp h a te s . 1 . 1 . 1 Tr Tr Tr
X -  Amounts l e s s  than  0 .1  p e r  c e n t
The o v e r s i z e  (No. 4 f r a c t i o n )  amounted to  one p e r  c e n t  o f  th e  
w hole  sam ple.
The m ica ( c h l o r i t e )  showed poor  p h y s i c a l  q u a l i t y .
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APPENDIX C
TABLE I I I
PARTICLE SHAPE AND SURFACE OF PARIS SAND 
( i n  p er  c e n t )
 R eta in ed  on S ie v e  S i z e s — P ass  T o ta l
No. 4  8 14 28 48 100 100 8 t o  100
Shape o f  P a r t i c l e s
A n gu lar , su b a n g u la r  
Cubic p a r t i c l e s  
F l a t  p a r t i c l e s  
Oblong p a r t i c l e s
Rounded, subrounded  
Cubic p a r t i c l e s
67 85 89 89
8 8 2 1
X X X
25 Q 9 10
100 100 100 100
88 78 90 87
2 6 5 3
1 X *\r ww
10 15 5 10
100 100 100 100
X -  Amounts l e s s  th a n  one p e r  c e n t
The s u r fa c e  o f  th e  p a r t i c l e s  was m a in ly  c r y s t a l l i n e ,  
on l i m e s t o n e s  and on f e l d s p a r  i t  was smooth, on th e  few  
s a n d s to n e s ,  e l a s t i c .
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APPENDIX C
TABLE I I I
QUALITY OF PARIS SAND
F r a c t io n s  No. 8 to  -N o. 100 No. 4
   Per cen t______  Per c e n t
P h y s ic a l  Q u a l i ty
Good p a r t i c l e s  9 7 .7  9 9 .1
F a ir  p a r t i c l e s  .8
Poor p a r t i c l e s  1 .5 _______________________ ___£
1 0 0 .0  1 0 0 .0
Chemical Q u a l i ty
Innocuous p a r t i c l e s  9 6 .1  9 3 .7
D e l e t e r i o u s  (? )  p a r t i c l e s  2 . 0  2 .7
D e l e t e r i o u s  p a r t i c l e s  1 .9  3 .6
1 0 0 .0  1 00 .0  
Harmful p a r t i c l e s  4 . 8  6 .3
Poor p a r t i c l e s :  S o f t  m arl and m icaceou s  m in e r a ls
(m ica , c h l o r i t e )
D e l e t e r i o u s  p a r t i c l e s :  S o f t  marl and i r o n s t o n e s
P a r t i c l e s  s u s p e c te d  o f  b e in g  d e l e t e r i o u s :  B r i t t l e  marl and
l i m o n i t i c  c a lc a r e o u s  sa n d s to n e ,  r i c h  i n  l i m o n i t e .
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G R AI N  S I Z E  IN M I L L I M E T E R S
0 1






















0.4-0 CO o o 2200 320 0 .7 0 292 566 9 .0 0
0 .4 5 800 2200 360 0 .8 0 292 562 9 .3 0
0 .4 8 800 2200 384 0 . 8 4 ro VO ro 559 9 .0 1
0 .5 0 300 2200 400 0 .8 7 292 556 9 .7 5
0 .5 5 800 2200 440 0 .9 0 292 550 9 .2 5
0 .5 8 800 2200 464 0 .9 5 292 570 9 .6 5
0 .6 0 8oo 2200 480 1 .5 0 292 552 8 . 0
0 .6 5 800 2200 520 2 .0 0 292 552 7 .0
0 .7 0 800 2200 560 3 .0 0 292 558 6 .7 0
0.40NAE* 800 2200 320 0 .0 0 292 581 3 .3 8
0 . 50NAE 300 2200 400 0 .0 0 292 582 0 .7 7
0.60NAE 800 2200 480 0 .0 0 292 575 0 ,0 0
MIX DESIGN DATA
“ MAE-Non A ir  E n tra in ed
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APPENDIX E
TABLE V








0 .5 0 1 1 387 375 12 24
0 .5 0 2 2 38 6 376 10 20
0 .5 0 3 3 391 377 14 28
0 .5 0 4 4 407 376 31 62
0 .5 0 1 5 404 374 30 60
0 .5 0 2 6 400 377 23 46
0 .5 0 3 7 375 375 0 0
0 .5 0 4 8 374 374 0 0
0 .5 0 1 9 376 376 0 0
0 .5 0 2 10 416 37 6 40 80
0 .5 0 3 11 421 375 46 92
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TABLE V








0 .5 0 1 13 397 375 22 44
0 .5 0 2 14 393 375 18 36
0 .5 0 3 15 400 375 25 50
0 .5 0 4 16 407 375 32 64
0 .5 0 1 17 413 377 36 72
0 .5 0 2 18 412 376 36 72
0 .5 0 3 19 412 374 38 76
0 .5 0 4 20 412 377 35 70
0 .5 0 1 21 414 378 36 72
0 .5 0 2 22 391 375 16 32
0 .5 0 3 23 338 37 6 12 24
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TABLE V








0 .5 5 1 25 402 365 37 74
0 .5 5 2 26 4o4 364 40 80
0 .5 5 3 27 399 364 35 70
0 .5 5 4 28 409 364 45 90
0 .5 5 1 29 401 365 36 72
0 .5 5 2 30 416 366 50 100
0 .5 5 3 31 402 363 39 78
0 .5 5 4 32 400 365 35 70
0 .5 5 3 33 403 365 38 76
0 .5 5 4 34 366 366 0 0
0 .5 5 5 35 365 365 0 0
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TABLE V








0 .6 5 1 37 452 384 48 96
0 .6 5 2 38 431 384 47 94
0 .6 5 3 39 431 384 47 94
0 .7 0 1 AO 423 374 49 98
0 .7 0 2 At 422 375 47 94
0 .7 0 3 42 420 375 45 90
0 .6 0 1 43 421 380 41 85
0 .6 0 2 44 429 381 48 100
0 .6 0 3 45 42 6 380 46 96
0 .6 0  ME* 1 46 447 404 43 98
3 .6 0  ME 2 47 447 403 44 100
3 .6 0  ME 3 48 447 4o4 43 98
SPECIMEN SATURATION 
DATA
* ME-Non A ir  E n tr a in e d
r *un
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APPENDIX E
TABLE V








0 .7 0 1 4g 418 374 44 88
0 .7 0 3 50 419 375 44 38
0 .5 0  MAE 2 51 454 417 37 90
0 .5 0  MAE 3 52 454 416 38 93
0 .6 0  MAE 3 53 448 405 43 93
0 .6 0  NAE 4 54 444 403 41 93
.0 .6 0 . .  . 2 55 427 332 45 94
0 .6 0 3 56 424 381 43 90
0 .6 5 3 57 435 335 50 100
0 .6 5 4 58 435 385 50 100
0 .5 8 1 59 415 374 41 100
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APPENDIX E
TABLE V
W /C B A T C H  NO SPEC. NO. W ET WG'T. 
(gm)






0 ,6 0 3 61 421 383 38 79
0 .6 0 4 62 421 382 39 81
0 .7 0 3 63 418 375 43 86
0 .7 0 4 64 421 374 • 47 94
0 .6 5 4 65 429 386 43 86
0 .65 5 66 427 384 43 86
0 .6 5 5 67 429 385 44 88
0 .6 0 3 68 422 382 40 84
0 .65 5 69 427 334 43 86
0 .6 0 4 70 422 382 40 84
0 .7 0 4 71 421 373 48 96
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0 .6 5 5 73 430 386 44 88
0 .6 5 5 74 432 386 46 92
0 .6 5 5 75 434 386 48 96
0 .6 0 3 76 424 380 44 92
0 .6 0 4 77 428 381 47 98
0 .6 0 3 78 428 381 47 98
0 .6 0 4 79 426 380 46 96
0 .7 0 1 80 424 374 50 100
0 .7 0 2 81 419 375 : 44 88
0 .7 0 3 82 419 374 45 90
0 .7 0 4 83 420 373 47 94
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0 .5 0  NAE 1 85 456 418 38 93
0 .5 0  MAE 2 86 460 419 41 100
0 .5 0  MAE 3 87 454 417 37 90
0 .5 0  MAE 4 88 457 418 39 95
0 .4 0  MAE 1 89 ■ 439 407 32 94
0 .4 0  MAE 2 90 442 408 34 100
0 .4 0  NAE 3 91 439 408 31 91
0 .4 0  MAE 4 . 92 439 4o6 33 97
0 .4 0  MAE 1 93 439 407 32 94
0 .4 0  NAE 2 94 441 408 33 97
0 .5 0  MAE 1 95 455 418 37 90
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o .4 o 1 97 440 408 32 97
0 .4 0 2 98 438 406 32 97
0 .4 0 3 99 442 409 33 100
0 .4 S 1 100 422 380 42 100
0 .4 8 2 101 421 334 37 83
0 .4 8 3 102 428 386 42 100
0 .4 5 1 105 433 399 34 97
0 .4 8 4 104 424 385 39 93
0 .4 5 2 105 430 393 ' 32 92
0 .4 5 3 106' 431 398 33 95
0 .4 5 4 107 434 399 35 100
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0 .5 8 1 109 416 375 41 100
0 .5 8 2 110 4 i 4 374 40 97
0 .5 8 3 111 414 373 41 100
0 .5 8 4 112 416 376 40 100
0 .4 8 1 113 425 386 42 100
0 .4 8 2 114 425 384 41 97
0 .4 8 3 115 426 383 42 100
0 .4 8 4 116 424 385 41 97
0 .4 5 1 117 434 399 35 100
0 .4 5 2 118 434 400 34 97
0 .4 5 3 119 432 397 35 100
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W/C BATCH NO SPEC. NO. WET WG'T. 
(gm)






0 .6 0  NAE 1 121 403 404 39 38
0 .6 0  NAE 2 122 444 404 4o 90
0 .6 0  NAE 3 123 442 403 39 88
0 .6 0  NAE 4 124 442 402 4o 90
0 .5 0  NAE 1 125 456 420 36 88
0 .5 0  NAE 2 126 454 4 l 8 36 88
0 .5 0  NAE 3 127 456 419 37 90
0 .5 0  NAE 4 128 457 420 37 90
0 .4 0  NAE 1 129 436 406 30 89
0 .4 0  NAE 2 130 437 408 29 88
0 .4 0  NAE 3 131 436 407 29 88
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0 .5 0  ME 1 *133 456 408 38 93
0 .5 0  ME 2 134 460 419 41 100
0 .5 0  ME 3 135 454 417 37 90
0 .5 0  ME 4 136 457 418 39 95
0 .4 0  ME 1 137 439 407 32 94
0 .4 0  ME 2 138 442 408 34 100
0 .4 0  ME 3 139 439 408 31 91
0 .4 0  MAE 4 140 439 4o6 33 97
0 .4 0  ME 1 141 439 407 32 94
0 .4 0  ME 2 142 441 408 33 97
0 .5 0  NAE 1 143 455 418 37 90
0 .5 0  M S 2 144 456 420 36 88
SPECIMEN SATURATION 
DATA
* Data For R e c y c l in g  Of Specim ens 9 7 -1 0 8
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TABLE V








o . 5 o 5 * 1 4 5 4 1 2 3 7 7 35 70
0 . 5 0 6 146 4 1 4 3 7 8 36 7 2
0 . 5 0 5 147 4 1 6 3 7 6 40 8 0
0 . 5 0 6 148 4 2 5 3 7 5 5 0 100
0 . 5 5 1 149 4 0 9 3 6 4 4 5 90
0 . 5 5 2 150 401 3 6 5 36 72
0 . 5 5 3 151 4 1 6 36 6 50 100
SPECIMEN SATURATION 
DATA
* Data For R e c y c l in g  Of Specim ens 20 , 21, 22, 24 , 28 , 29 and. 30
7 4
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APPENDIX P
EXPERIMENTAL LENGTH CHANGE DATA
TABLE VI
T E M P . ° F

























7 0 9 - 6 . 5 - 9 - 3 . 1 - 1 0 - 2 . 8 - 1 1 - 8 . 1 -
6 0 9 - 5 . 9 0 . 6 9 - 7 . 5 0 . 6 1 0 - 2 . 5 0 . 3 1 1 - 7 . 6 0 . 5
52 9 - 5 . 2 0 . 7 9 - 6 . 8 0 . 7 1 0 - 2 . 0 0 . 5 1 1 - 7 . 2 0 . 4
4 5 9 - 4 . 7 0 . 5 9 - 6 . 5 0 . 3 1 0 - 1 . 4 0 . 6 1 1 - 6 . 7 0 . 5
4 0 9 - 4 . 2 0 . 5 9 - 6 . 3 0 . 2 1 0 - 0 . 7 0 . 7 1 1 - 6 . 3 0 . 4
3 5 9 - 3 . 8 0 . 4 9 - 5 . 9 0 . 4 1 0 - 0 . 4 0 . 3 1 1 - 6 . 1 0 . 2
3 0 9 - 3 . 3 0 . 5 9 - 5 . 4 0 . 5 1 0 - 0 . 1 0 . 3 1 1 - 5 . 7 0 . 4
22 9 - 2 . 9 0 . 4 9 - 4 . 9 0 . 5 9 - 1 9 . 6 0 . 5 1 1 - 4 . 6 1 . 1
18 9 - 2 . 7 0 . 2 9 - 4 . 6 0 . 3 9 - 1 9 . 4 0 . 2 1 1 - 4 . 5 0 . 1
13 9 - 2 . 4 0 . 3 9 - Z:. 1 0 . 5 9 - 1 9 . 2 0 . 2 h - 4 . 3 0 . 2
8 9 - 2 . 2 . 0 . 2 9 - 4 . 3 + 0 . 2 9 - 1 8 . 8 0 . 4 1 1 - 4 . 5 + 0 . 2
3 9 - 3 . 1 + 0 . 9 9 - 4 . 4 + 0 . 1 9 - 1 9 . 0 + G . 2 1 1 - 4 . 0 0 . 5
*A11 d i a l  r e a d in g s  have u n i t s  o f  l e n g t h  ( i n )  and are  
read  t o  6 .0 0 0 1 "
.All s t r a i n s  a r e  d im e n s io n le s s  ( i n / i n )
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EXPERIMENTAL LENGTH CHANGE DATA
TABLE VI
t e m p . ’ f

























7 0 9 - 1 6 . 0 _ . 9 - 1 8 . 6 1 0 - 1 . 3 3 - 8 . 8
6 0 9 - 1 5 . 4 0 . 6 9 - 1 7 . 2 1 . 4 1 0 - 1 . 1 0 . 2 8 - 8 . 3 0 . 5
52 9 - 1 5 . 0 0 . 4 9 - 1 6 . 9 0 . 3 1 0 - 0 . 2 0 . 9 8 - 7 . 4 0 . 9
4 5 9 - 1 4 . 4 0 . 6 9 - 1 6 . 2 0 . 7 9 - 1 9 . 8 0 . 4 8 - 7 . 0 0 . 4
4 0 9 - 1 4 . 0 0 . 4 9 - 1 5 . 7 0 . 5 9 - 1 9 . 3 0 . 5 8 - 6 . 6 0 . 4
35 9 - 1 3 . 8 0 . 2 9 - 1 5 . 6 0 . 1 9 - 1 9 . 0 0 . 3 8 - 6 . 3 0 . 3
30 9 - 1 3 . 6 0 . 2 9 - 1 5 . 3 0 . 3 9 - 1 3 . 5 0 . 5 8 - 5 . 9 0 . 4
22 9 - 1 2 . 8 0 . 8 9 - 1 4 . 0 1 . 3 9 - 1 7 . 5 0 . 7 8 - 5 . 5 0 . 4
18 9 - 1 2 . 6 0 . 2 9 - 1 3 . 9 0 . 1 9 - 1 7 . 7 0 . 1 o -  5 . 4 0 . 3
13 9 - 1 2 . 1 0 . 5 9 - 1 3 . 8 0 . 2 9 - 1 7 . 1 0 . 6 8 - 5 . 1 0 . 3
O
K ) 9 - 1 2 . 1 0 . 0 9 - 1 4 . 1 + 0 . 3 9 - 1 7 . 5 + 0 . 4 3 - 5 . 1 0 . 0
3 9 - H . 9 0 . 2 9 - 1 4 . 3 + 0 . 2 9 - 1 7 . 3 0 . 2 8 - 5 . 4 + 0 . 3
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EXPERIMENTAL LENGTH CHANGE DATA
TABLE VI
T E M  P *F

























7 0 13 - 1 . 8 _ 9 - 1 5 . 7 _ 1 1 - 1 0 . 9 . 9 - 1 1 . 9
60 13 - 0 . 8 1 . 0 9 - 1 5 . 2 0 . 5 1 1 - 1 0 . 3 0 . 6 9 - H . 2 0 . 7
52 1 3 - 0 . 0 0 . 8 9 - 1 4 . 3 0 . 9 1 1 - 9 . 5 0 . 8 9 - 1 0 . 6 0 . 6
4-5 12 - 1 9 . 6 0 . 4 9 - 1 4 . 1 0 . 2 1 1 - 9 . 2 0 . 3 9 - 1 0 . 2 0 . 4
40 1 2 - 1 9 . 2 0 . 4 9 - 1 3 . 8 0 . 3 1 1 - 8 . 9 0 . 3 9 - 9 . 9 0 . 2
5 5 1 2 - 1 8 . 8 0 . 4 9 - 1 3 . 5 0 . 3 1 1 - 8 . 5 0 . 4 9 - 9 . 6 0 . 3
3 0 1 2 - 1 8 . 5 0 . 3 9 - 1 3 . 1 0 . 4 1 1 - 8 . 1 0 . 4 9 - 9 . 3 0 . 6
22 1 2 - 1 7 . 9 0 . 6 9 - 1 2 . 5 0 . 6 1 1 - 7 . 6 0 . 5 9 - 8 . 5 0 . 8
18 1 2 - 1 7 . 6 0 . 3 9 - 1 2 . 4 0 . 1 1 1 - 7 . 4 0 . 2 9 - 8 . 4 0 . 1
13 1 2 - 1 7 . 1 0 . 5 9 - 1 2 . 2 0 . 2 1 1 - 7 . 2 0 . 2 9 - 8 . 1 0 . 3
8 1 2 - 1 7 . 9 f 0 . 8 9 - 1 2 . 2 0 . 0 1 1 - 7 . 1 0 . 1 9 - 3 . 5 + 0 . 4
3 1 2 - 1 8 . 0 + 0 . 1 9 - 1 2 . 2 0 . 0 1 1 - 7 . 0 0 . 1 9 - 3 . 5 0 . 0
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EXPERIMENTAL LENGTH CHANGE DATA
TABLE VI
TE  M P. ° F

























70 8 - 9 . 2 - 1 0 - 1 9 . 7 - 1 1 - 1 4 . 5 - 9 - 2 . 3 -
6 0 8 - 8 . 5 0 . 1 9 - 1 3 . 5 1 . 2 1 1 - 1 3 . 3 1 . 2 9 - 1 . 9 0 . 9
50 3 - 8 . 0 0 . 5 9 - 1 7 . 5 1 . 0 1 1 - 1 2 . 5 O .S 9 - 0 . 9 1 . 0
4 5 8 - 7 . 7 0 . 3 9 - 1 7 . 3 0 . 2 1 1 - 1 2 . 1 0 . 4 9 - 0 . 6 0 . 3
3 5 8 - 7 . 0 0 . 7 9 - 1 7 . 1 0 . 2 1 1 - 1 1 . 5 0 . 6 9 - 0 . 0 0 0 . 6
30 8 - 6 . 6 0 . 4 9 - 1 6 . 7 0 . 4 1 1 - 1 1 . 5 0 . 0 8 - 1 9 . 9 0 . 1
25 3 - 6 . 3 0 . 3 9 - 1 6 . 4 0 . 3 1 1 - 1 1 . 5 0 . 0 8 - 1 9 . 3 0 . 1
20 3 - 6 . 3 0 . 0 9 - 1 6 . 0 0 . 4 1 1 - 1 0 . 5 1 . 0 9 - 1 3 . 9 0 . 9
15 8 - 6 . 5 1-0.2 9 - 1 6 . 5 + 0 . 5 1 1 - 1 0 . 6 + 0 . 1 8 - 1 9 . 5 + o . 6
12 ~ - 6 , 6 1-0.1 9 - 1 6 . 5 0 . 0 1 1 - 1 0 . 6 0 . 0 8 - 1 9 . 3 + 0 . 3
S 8 - 6 . 6 0 . 0 9 - 1 6 . 2 0 . 3 1 1 - 1 0 . 9 + 0 . 3 3 - 1 9 . 3 0 . 5
0 8 - 6 . 5 0 . 1 9 - 1 5 . 9 0 . 3 1 1 - 1 0 . 6 0 . 3 8 - 1 3 . 3 0 . 5
7 8
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
APPENDIX P
EXPERIMENTAL LENGTH CHANGE DATA
TABLE VI
T E MP . V
D I A L  R E A D I N G S  8  S T R A I N S





x l o 4











x I O 4






7 0 9 - 1 2 . 8 9 - 0 . 5 — 9 - 1 4 . 9 — 3 - 1 5 . 0 -
6 0 9 - 1 2 . 3 0 . 5 8 - 1 9 . 8 0 . 7 9 - 1 4 . 0 0 . 9 3 - 1 4 . 0 1 . 0
50 9 - 1 1 . 8 0 . 5 8 - 1 8 . 4 0 . 4 9 - 1 3 . 5 0 . 5 8 - 1 3 . 3 0 . 7
4 5 9 - 1 1 . 6 0 . 2 8 - 1 8 . 1 0 . 3 9 - 1 3 . 2 0 . 3 3 - 1 3 . 0 0 . 3
3 5 9 - H . O 0 . 6 8 - 1 7 . 8 0 . 6 9 - 1 2 . 7 0 . 5 3 - 1 2 . 4 0 . 6
30 9 - 1 0 . 7 0 . 3 8 - 1 7 . 6 0 . 2 9 - 1 2 . 7 0 . 0 8 - 1 2 . 0 0 . 4
2 5 9 - 9 . 9 0 . 8 8 - 1 7 . 4 0 . 4 9 - 1 2 . 7 0 . 0 8 - 1 1 . 7 0 . 3
20 9 - 1 0 . 1 + 0 . 2 8 - 1 7 . 3 0 . 1 9 - 1 2 . 0 0 . 7 - 3 - 1 1 .7 0 . 0
15 9 - 1 0 . 1 0 . 0 8 - 1 7 . 1 0 . 2 9 - 1 2 . 0 0 . 0 3 - 1 1 . 8 + 0 . 1
12 9 - 1 0 . 1 0 . 0 1 7 . 0 0 . 1 9 - 1 2 . 0 0 . 0 8 - 1 2 . 1 +0  • 0
8 9 - 1 0 . 2 + 0 . 1 8 - 1 6 . 6 0 . 4 9 - H . 9 0 . 1 8 - 1 1 . 7 0 . 4
0 9 - 9 . 3 0 . 4 Q- 1 7 . 0 + 0 . 4 9 - 1 2 . 0 + 0 . 1 8 - 1 1 . 5 0 . 2
7 9
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APPENDIX P
EXPERIMENTAL LENGTH CHANGE DATA
TABLE VI
T E M  P.*F

























7 0 1 1 - 7 . 3 . 1 2 - I B . 8 9 - 0 . 2 0 1 0 - 4 . 5
6 0 1 1 - 6 . 9 0 . 4 1 2 - 1 7 . 3 1 . 0 3 - 1 3 . 9 0 . 3 1 0 - 3 . 5 1 . 0
5 0 1 1 - 6 . 1 0 . 3 1 2 - 1 6 . 9 0 . 9 3 - 1 7 . 8 1 . 1 1 0 - 2 . 3 0 . 7
4 5 1 1 - 5 . S 0 . 3 1 2 - 1 6 . 6 0 . 3 8 - 1 7 . 6 0 . 2 1 0 - 2 . 6 0 . 2
3 5 1 1 - 5 . 3 0 . 5 1 2 - 1 6 . 2 0 . 4 3 - 1 7 . 2 0 . 4 1 0 - 2 . 2 0 . 4
30 1 1 - 4 . 8 0 . 5 1 2 - 1 5 . 7 0 . 5 8 - 1 6 . 9 0 . 3 1 0 - 1 . 8 0 . 4
25 1 1 - 4 . 3 0 . 5 1 2 - 1 5 . 2 0 . 5 3 - 1 6 . 8 0 . 1 1 0 - 1 . 4 0 . 4
20 1 1 - 4 . 6 + 0 . 3 1 2 - 1 5 . 3 + 0 . 1 3 - 1 6 . 2 0 . 6 1 0 - 1 . 3 0 . 1
15 1 1 - 4 . 6 0 . 0 0 1 2 - 1 5 . 4 + 0 . 1 3 - 1 6 . 4 + w . 2 1 0 - 1 . 1 0 . 2
12 1 1 - 4 . 6 0 . 0 0 1 2 - 1 5 . 6 + 0 . 2 5 - 1 6 . 6 + 0 . 2 1 0 - 0 . 9 0 . 2
8 1 1 - 4 . 3 0 . 3 0 1 2 - 1 5 . 4 0 . 2 8 - 1 6 . 3 0 . 3 1 0 - 1 . 0 + 0 . 1
0 1 1 - 4 . 0 0 . 3 0 1 2 - 1 5 . 1 0 . 3 3 - 1 6 . 6 + 0 . 3 1 0 - 1 . 1 + 0 . 1
SO
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APPENDIX F
EXPERIMENTAL LENGTH CHANGE DATA
TABLE VI
t e m p ’ f























7 0 1 1 - 8 . 7 — 1 0 - 1 3 . 3 _ 7 - 4 . 5 _ 9 - 1 3 . 3
60 1 1 - 7 . 5 1 . 2 1 0 - 1 2 . 0 1 . 3 7 - 3 . 5 1 . 0 9 - 1 2 . 3 1 . 0
50 1 1 - 7 . 3 0 . 2 1 0 - 1 1 . 3 0 . 2 7 - 3 . 2 0 . 3 9 - 1 2 . 0 0 . 3
4-5 1 1 - 7 . 0 0 . 3 1 0 - 1 1 . 7 0 . 1 7 - 3 . 0 0 . 2 9 - 1 1 . 6 0 . 4
4 0 1 1 - 6 . 7 0 . 3 1 0 - 1 1 . 2 0 . 5 7 - 2 . 8 0 . 2 9 - 1 1 . 2 0 . 4
3 5 1 1 - 6 . 3 0 . 4 1 0 - 1 1 . 0 0 . 2 7 - 2 . 5 0 . 3 9 - 1 1 . 0 0 . 2
30 1 1 - 6 . 2 0 . 1 1 0 - 1 0 . 7 0 . 3 7 - 2 . 2 0 . 3 9 - 1 0 . 3 0 . 2
22 1 1 - 5 . 9 0 . 3 1 0 - 1 0 . 5 0 . 2 7 - 2 . 3 + 0 . 1 9 - 1 0 . 7 0 . 1
15 1 1 - 6 . 2 + 0 .  j) 1 0 - 1 0 . 7 + 0 . 2 7 - 2 . 2 0 . 1 9 - H . O + 0 . 3
10 1 1 - 6 . 3 + 0 . 1 1 0 - 1 0 . 7 + 0 . 0 7 - 2 . 3 + 0 . 1 9 - 1 1 . 2 + 0 . 2
5 1 1 - 6 . 0 0 . 3 1 0 - 1 1 . 0 + 0 . 7 - 2 . 4 + 0 . 1 9 - 1 1 . 3 + 0 . 1
0 1 1 - 5 . 9 0 . 1 1 0 - 1 0 . 9 0 . 1 7 - 2 . 3 0 . 1 9 - H . O 0 . 3
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APPENDIX F
EXPERIMENTAL LENGTH CHANGE DATA
TABLE VI
T E M  P . ° F
D I A L  R E A D I N G S  8  S T R A I N S





x I 0 4





x I O 4













7 0 9 - 6 . 7 - 9 - 1 7 . 5 - 9 - 6 . 0 - 1 1 - 9 . 6 —
60 9 - 5 . 5 0 . 9 9 - 1 6 . 5 1 . 0 9 - 4 . 8 1 . 2 1 1 - 3 . 4 1 . 2
50 9 - 5 . 5 0 . 3 9 - 1 6 . 1 0 . 4 9 - 4 . 4 0 . 4 1 1 - 8 . 0 0 . 4
45 9 - 5 . 3 0 . 5 9 - 1 5 . 7 0 . 4 9 - 4 . 3 0 . 1 1 1 - 7 . 9 0 . 1
4 0 9 - 5 . 0 0 . 3 9 - 1 5 . 5 0 . 2 9 - 4 . 0 0 . 3 1 1 - 7 . 7 0 . 2
3 5 9 - 4 . 8 0 . 2 9 - 1 5 . 3 0 . 2 9 - 3 . 7 0 . 3 1 1 - 7 . 6 0 . 1
30 9 - 4 . 4 0 . 4 9 - 1 5 . 0 0 . 3 9 - 3 . 4 0 . 3 1 1 - 7 . 5 0 . 1
22 9 - 4 . 1 0 . 3 9 - 1 5 . 1 + 0 . 1 9 - 3 . 6 + 0 . 2 1 1 - 6 . 7 0 . 8
15 9 - 4  • 3 + 0 . 2 9 - 1 5 . 1 0 . 0 9 - 3 . 4 0 . 2 1 1 - 6 . 9 + 0 . 2
10 9 - 4 . 4 + 0 . 1 9 - 1 5 . 0 0 . 1 9 - 3 . 4 0 . 0 1 1 - 7 . 1 + 0 . 2
5 9 - 4 . 4 0 . 0 9 - 1 4 . 9 0 . 1 9 - 3 . 3 0 . 1 1 1 - 7 . 4 + 0 . 3
0 9 - 4 . 3 0 . 1 9 - 1 4 . 3 0 . 1 9 - 3 . 4 + 0 . 1 1 1 - 7 . 0 0 . 4
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APPENDIX P
EXPERIMENTAL LENGTH CHANGE DATA
TABLE VI
T E M  P *F

























7 0 1 0 - 1 5 . f i 3 - 0 . 4 9 - 1 1 . 8 . 8 - 1 9 . 0
60 1 0 - 1 4 . 5 1 . 3 7 - 1 3 . $ 1 . 5 9 - 1 0 . 6 1 . 2 8 - 1 7 . 5 1 . 5
50 1 0 - 1 4 . 2 0 . 3 7 - 1 8 . 6 0 . 3 9 - 1 0 . 2 0 . 4 6 - 1 7 . 0 0 . 5
4 5 1 0 - 1 3 . 8 0 . 4 7 - 1 q . 4 0 . 2 9 - 1 0 . 0 0 . 2 8 - 1 6 . 7 0 . 3
4o 1 0 - 1 3 . 7 0 . 1 7 - 1 8 . 0 0 . 4 9 - 9 . 8 0 . 2 8 - 1 6 . 6 0 . 1
35 1 0 - 1 3 . 5 0 . 2 7 - 1 7 . 7 0 . 3 9 - 9 . 5 0 . 3 3 - 1 6 . 4 0 . 2
30 1 0 - 1 3 . 3 0 . 2 7 - 1 7 . 5 0 . 2 9 - 9 . 3 0 . 2 3 - 1 6 . 3 0 . 1
22 1 0 - 1 3 . 3 0 . 0 7 - 1 7 . 2 0 . 3
H1o\ 0 . 2 3 - 1 5 . 9 0 . 4
15 1 0 - 1 3 . 3 0 . 0 7 - 1 7 . 7 + 0 . 5 9 - 9 . 4 + 0 . 3 3 - 1 6 . 2 + 0 . 3
10 1 0 - 1 3 . 0 0 . 1 7 - 1 7 . 4 0 . 2 9 - 9 . 3 0 . 1 Q- 1 6 . 1 0 . 1
5 1 0 - 1 3 . 0 o • ro 7 - 1 7 . 4 0 . 1 9 - 9 . 2 0 . 1 8 - 1 6 . 1 0 . 0
0 1 0 - 1 3 . 3 0 . 0 7 - 1 7 . 7 + 0 . 3 9 - 9 . 5 + 0 . 3 P- 1 6 . 4 + 0 . 3
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APPENDIX P
EXPERIMENTAL LSNC-TH CHANGE DATA
TABLE VI
TE M P °F

























7 0 1 1 - 1 4 . 1 1 1 - 3 . 2 _ 8 - 1 2 . 6 1 0 - 4 . 1
6 0 1 1 - 1 3 . 4 0 . 7 1 1 - 2 . 4 0 . 8 8 - 1 1 . 9 0 . 7 1 0 - 3 . 5 0 . 6
55 1 1 - 1 3 . 0 0 . 4 1 1 - 2 . 2 0 . 2 8 - 1 1 . 7 0 . 2 1 0 - 3 . 1 0 . 4
45 1 1 - 1 2 . 5 0 . 5 1 1 - 1 . 7 0 . 5 3 - 1 1 . 2 0 . 5 1 0 - 2 . 6 0 . 5
35 1 1 - 1 2 . 2 0 . 3 1 1 - 1 . 0 0 . 7 8 - 1 0 . 6 0 . 6 1 0 - 2 . 2 0 . 4
30 1 1 - 1 1 . 8 0 . 4 1 1 - 0 . 6 0 . 4 8 - 1 0 . 2 0 . 4 1 0 - 1 . 8 0 . 4
25 1 1 - 1 1 . 2 o . 6 1 1 - 0 . 2 0 . 4 8 - 9 . 8 0 . 4 1 0 - 1 . 2 0 . 6
20 1 1 - 1 1 . 4 + 0 . 1 1 1 - 0 . 4 + 0 . 2 8 - 9 . 8 0 . 0 1 0 - 1 . 4 + 0 . 2
15 1 1 - 1 1 . 5 + 0 . 2 U - 0 . 7 + 0 . 3 8 - 9 . 9 + 0 . 1 1 0 - 1 . 7 + 0 . 3
12 1 1 - 1 1 . 7 + 0 . 2 1 1 - 0 . 7 0 . 0 3 - 1 0 . 1 + 0 . 2 1 0 - 2 . 2 + 0 . 5
7 1 1 - 1 1 . 9 + 0 . 2 1 1 - 0 . 8 + 0 . 1 8 - 1 0 . 3 + 0 . 2 1 0 - 2 . 7 + 0 . 5
2 1 1 - 1 5 . 3 + 3 . 4 1 1 - 4 . 2 + 3 . 4 1 0 - 7 . 7 + 1 . 4 1 0 - 7 . 7 + 5 . 0
8 4
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APPENDIX F
EXPERIMENTAL LENGTH CHANGE DATA
TABLE VI
T E M  P.°F

























70 1 0 - 6 . 3 . 1 2 - 5 . 8 1 1 - 5 . 9 . 1 1 - 7 . 9 .
60 1 0 - 5 . 8 0 . 5 1 2 - 5 . 4 0 . 4 1 1 - 5 . 2 0 . 7 1 1 - 7 . 1 0 . 8
55 1 0 - 5 . 4 0 . 4 1 2 - 4 . 8 0 . 6 1 1 - 4 . 6 0 . 6 1 1 - 6 . 2 0 . 4
4 5 1 0 - 5 . 0 0 . 4 1 2 - 4 . 3 0 . 5 1 1 - 4 . 0 0 . 6 1 1 - 6 . 1 0 . 6
35 1 0 - 4 . 4 0 . 6 1 2 - 3 . 9 0 . 4 1 1 - 3 . 7 0 . 3 1 1 - 5 . 7 0 . 4
30 1 0 - 4 . 1 0 . 3 1 2 - 3 . 5 0 . 4 1 1 - 3 . 2 0 . 5 1 1 - 5 . 4 0 . 3
25 1 0 - 3 . 6 0 . 5 1 2 - 3 . 1 0 . 4 1 1 - 2 . 8 0 . 4 1 1 - 5 . 1 0 . 3
20 1 0 - 3 . 7 + 0 . 1 1 2 - 3 . 3 + 0 . 2 1 1 - 3 . 1 •
o+ 1 1 - 5 . 2 + 0 . 1
15 1 0 - 3 . 9 + 0 . 2 1 2 - 3 . 6 + 0 . 3 1 1 - 3 . 4 + 0 . 3 1 1 - 5 . 3 + 0 . 1
12 1 0 - 4 . 5 + 0 . 6 1 2 - 3 . 6 0 . 0 1 1 - 3 . 4 0 . 0 1 1 - 5 . 4 + 0 . 1
7 1 0 - 5 . 2 + 0 . 7 1 2 - 3 . 7 + 0 . 1 1 1 - 3 . 5
1—1o+ 1 1 - 5 . 6 + 0 . 1
2 1 0 - 9 . 3 + 4 . 1 1 2 - 6 . 8 + 3 . 1 1 1 - 4 . 5 + 1 . 0 1 1 - n . 7 + 3 . 1
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APPENDIX F
EXPERIMENTAL LENGTH CHANGE DATA 
TABLE VI
T E M P ° F























7 0 1 0 - 9 . 4 . 1 2 - 9 . 3 . 1 2 - 1 5 . 0 . 1 1 - 4 . 5
6 0 1 0 - 3 . 5 0 . 9 1 2 - 9 . 0 0 . 8 1 2 - 1 4 . 3 0 . 7 1 1 - 3 . 6 0 . 9
55 1 0 - 3 . 3 0 . 2 1 2 - 3 . 7 0 . 3 1 2 - 1 4 . 0 0 . 3 1 1 - 3 . 3 0 . 3
4-5 1 0 - 7 . 6 0 . 7 1 2 - 3 . 1 0 . 6 1 2 - 1 3 . 3 0 . 7 1 1 - 2 . 7 0 . 6
3 5 1 0 - 7 . 3 0 . 3 1 2 - 7 . 4 0 . 7 1 2 - 1 2 . 9 0 . 4 1 1 - 2 . 4 0 . 3
3 0 1 0 - 6 . 8 0 . 5 1 2 - 7 . 2 0 . 2 1 2 - 1 2 . 4 0 . 5 1 1 - 1 . 8 0 . 6
2 5 1 0 - 6 . 6 0 . 2 1 2 - 7 . 1 0 . 1 1 2 - 1 2 . 1 0 . 3 1 1 - 1 . 3 0 . 5
2 0 1 0 - 6 . 7 + 0 . 1 1 2 - 7 . 2 + 0 . 1 1 2 - 1 2 . 2 + 0 . 1 1 1 - 1 . 4 + 0 . 1
1 5 1 0 - 6 . 8 + 0 . 1 1 2 - 7 . 4 + 0 . 2 1 2 - 1 2 . 3 + 0 . 1 1 1 - 1 . 6 + 0 . 2
12 1 0 - 7 . 1 + 0 . 3 1 2 - 7 . 5 + 0 . 1 1 2 - 1 3 . 1 + 0 . 8 1 1 - 3 . 0 + 1 . 4
7 1 0 - 7 . 4 + 0 . 3 1 2 - 7 . 8 + 0 . 3 1 2 - 1 4 . 0 + 0 . 9 1 1 - 4 . 4 + 1 . 4
2 1 0 - 9 . 0 + 1 . 6 1 2 - 1 1 . 8 + 4 . 0 1 3 - 0 . 9 + 6 . 9 1 1 - 7 . 7 + 3 . 3
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APPENDIX P
EXPERIMENTAL LENGTH CHANGE DATA
TABLE VI
t e m p ' f

























70 1 0 - 1 3 . 5 . 1 1 - 4 . 4 1 1 - 3 . 5 3 - 1 4 . 2
59 1 0 - 1 3 . 0 0 . 5 1 1 - 3 . 7 0 . 7 1 1 - 2 . 7 0 . 8 3 - 1 3 . 5 0 . 7
50 1 0 - 1 2 . 6 0 . 4 1 1 - 3 . 2 0 . 5 1 1 - 2 . 2 0 . 5 8 - 1 3 . 1 0 . 4
40 1 0 - 1 2 . 2 0 . 4 1 1 - 2 . 6 0 . 6 1 1 - 1 . 7 0 . 5 3 - 1 2 . 5 0 . 6
35 1 0 - 1 1 . 9 0 . 3 1 1 - 2 . 2 0 . 4 1 1 - 1 . 5 0 . 2 8 - 1 2 . 1 0 . 4
30 1 0 - 1 1 . 6 0 . 3 1 1 - 2 . 0 0 . 2 1 1 - 1 . 3 0 . 2 8 - 1 1 . 8 0 . 3
25 1 0 - 1 1 . 4 0 . 2 1 1 - 1 . 7 0 . 3 1 1 - 1 . 1 0 . 2 8 - 1 1 . 7 0 . 1
20 1 0 - 1 1 . 2 0 . 2 1 1 - 1 . 7 0 . 0 1 1 - 0 . 8 0 . 3 8 - 1 1 . 4 0 . 3
15 1 0 - 1 1 . 0 0 . 2 1 1 - 1 . 6 0 . 1 1 1 - 0 . 4 0 . 4 8 - 1 1 . 2 0 . 2
12 1 0 - 1 1 . 0 0 . 0 0 1 1 - 1 . 6 0 . 0 1 1 - 0 . 4 0 . 0 0 8 - 1 1 . 3 + 0 . 1
8 1 0 - 1 1 . 0 0 . 0 0 1 1 - 1 . 6 0 . 0 1 1 - 0 . 4 0 . 0 0 " - 1 1 . 4 + 0 . 1
0 1 0 - 1 1 . 9 + 0 . 9 1 1 - 2 . 8 + 1 . 2 1 1 - 1 . 0 + 0 . 6 8 - 1 4 . 4 + 3 . 0
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APPENDIX P
EXPERIMENTAL LENGTH CHANGE DATA
TABLE VI
TE  M P °F

























70 1 0 - 1 7 . 2 9 - 2 . 3 1 0 - 1 2 . 3 _ 1 0 - 3 . 0
59 1 0 - 1 6 . 3 0 . 9 9 - 1 . 5 0 . 8 1 0 - 1 1 . 3 1 . 0 1 0 - 2 . 3 0 . 7
50 1 0 - 1 5 . 7 0 . 6 9 - 1 . 0 0 . 5 1 0 - 1 0 . 9 0 . 4 1 0 - 1 . 9 0 . 4
40 1 0 - 1 5 . 2 0 . 5 9 - 0 . 4 0 . 6 1 0 - 1 0 . 5 0 . 4 1 0 - 1 . 5 0 . 4
35 1 0 - 1 4 . 8 0 . 4 9 - 0 . 2 0 . 2 1 0 - 1 0 , 3 0 . 2 1 0 - 1 . 3 0 . 2
30 1 0 - 1 4 . 5 0 . 3 9 - 0 . 0 0 . 2 1 0 - 1 0 . 0 0 . 3 1 0 - 1 . 0 0 . 3
25 1 0 - 1 4 . 4 0 . 1 8 - 1 9 . 7 0 . 3 1 0 - 9 . 7 0 . 3 1 0 - 0 . 7 0 . 3
20 1 0 - 1 4 . 4 0 . 0 8 - 1 9 . 3 0 . 4 1 0 - 9 . 5 0 . 2 1 0 - 0 . 4 0 . 3
15 1 0 - 1 4 . 3 0 . 1 3 - 1 9 . 2 0 . 1 1 0 - 9 . 2 0 . 3 1 0 - 0 . 2 0 . 2
12 1 0 - 1 4 . 2 0 . 1 - - 1 9 . 3 + 0 . 1 1 0 - 9 . 2 0 . 0 0 1 0 - 0 . 2 0 . 0
3 1 0 - 1 4 . 1 0 . 1 8 - 1 9 . 5 + 0 . 2 1 0 - 9 . 3 + 0 . 1 1 0 - 0 . 2 0 . 0
0 1 0 - 1 8 . 8 + 4 . 7 9 - 2 . 5 + 3 . 0 1 C - 9 . 7 + 0 . 4 1 0 - 0 . 1 0 . 1
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APPENDIX P
EXPERIMENTAL LENGTH CHANGE DATA
TABLE VI
t e m p / f

























7 0 10 - 1 0 . 8 1 2 - 7 . 3 _ 3 - 6 . 0 — 9 - 7 . 7 —
59 10 - 1 0 . 1 0 . 7 1 2 - 6 . 4 0 . 9 8 - 5 . 3 0 . 7 9 - 7 . 1 0 .6
50 10 - 9 . 6 0 . 5 1 2 - 5 . 9 0 . 5 3 - 4 . 9 0 . 4 9 - 6 . 7 0 . 4
4 0 10 - 9 . 0 0 .6 12 - 5 . 6 0 . 3 8 - 4 . 5 0 . 4 9 - 6 . 2 0 . 5
35 1 0 - 8 . 7 0 . 3 1 2 - 5 . 3 0 . 3 8 - 4 . 2 0 . 3 9 - 5 . 9 0 . 3
30
LO1oI—1 0 .2 12 - 5 . 0 0 . 3 8 - 3 . 7 0 . 5 9 - 5 . 6 0 . 3
2 5 10 - 8 . 2 0 . 3 1 2 - 4 . 7 0 . 3 8 - 3 . 4 0 . 3 9 - 5 . 3 0 . 3
20 1 0 - ° .0 0 .2 1 2 - 4 . 7 0 .0 8 - 3 . 4 0 .0 9 - 5 . 2 0 .1
1 5 10 - 7 . 8 0 .2 1 2 - 4 . 7 0 .0 8 - 3 . 4 0 .0 9 - 5 . 0 0 .2
12 1 0 - 9 . 1 + 1 . 3 12 - 5 . 0 + 0 . 3 8 - 3 . 3 0 .1 9 - 5 . 0 0 .0
8 1 0 - 1 0 . 5 + 1 . 4 1 2 - 5 . 4 + 0 . 4 3 - 3 . 2 0 .1 9 - 4 . 9 0 .1
0 1 0 - 1 8 . 3 + 7 . 2 1 2 - 1 1 . 7 + 6 . 3 p- 3 . 1 0 .1 9 - 4 . 6 0 . 3
39
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APPENDIX P
EXPERIMENTAL LENGTH CHANGE DATA
TABLE VI
t e m p ' f

























70 1 1 - 9 . 3 1 0 - 3 . 5 1 3 - 4 . 5 1 2 - 6 . 0 _
50 1 1 - 8 . 1 1 . 2 1 0 - 7 . 2 1 . 3 1 3 - 3 . 5 1 . 0 1 2 - 5 . 1 0 . 9
40 1 1 - 7 . 6 0 . 5 1 0 - 6 . 8 0 . 4 1 3 - 2 . 9 0 . 6 1 2 - 4 . 3 1 . 7
35 1 1 - 7 . 3 0 . 3 1 0 - 6 . 5 0 . 3 1 3 - 2 . 7 0 . 2 1 2 - 4 . 0 0 . 3
28 1 1 - 7 . 0 0 . 3 1 0 - 6 . 2 0 . 3 1 3 - 2 . 3 0 . 4 1 2 - 3 . 6 0 . 4
24 1 1 - 6 . 7 0 . 3 1 0 - 6 . 0 0 . 2 1 3 - 2 . 0 0 . 3 1 2 - 3 . 5 0 . 1
20 1 1 - 6 . 4 0 . 3 1 0 - 5 . 8 0 . 2 1 3 - 1 . 8 0 . 2 1 2 - 3 . 3 0 . 2
15 1 1 - 6 . 1 0 . 3 1 0 - 5 . 4 0 . 4 1 3 - 1 . 6 0 . 2 1 2 - 3 . 1 0 . 2
12 1 1 - 6 . 0 0 . 1 1 0 - 5 . 1 0 . 3 1 3 - 1 . 3 0 . 3 1 2 - 2 . 9 0 . 2
7 1 1 - 5 . 6 0 . 4 1 0 - 4 . 6 0 . 5 1 3 - 0 . 7 0 . 6 1 2 - 2 . 4 0 . 5
2 1 1 - 5 . 2 0 . 4 1 0 - 4 . 0 0 . 6 1 3 - 0 . 1 0 . 6 1 2 - 1 . 8 0 . 6
0 1 1 - 5 . 1 0 . 1 1 0 - 3 . 9 0 . 1 1 3 - 0 . 0 0 . 1 1 2 - 1 . 6 0 . 2
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APPENDIX F
EXPERIMENTAL LENGTH CHANGE DATA
TABLE VI
T E  M P.°F

























70 1 2 - 6 . 9 7 - 1 6 . 1 1 1 - 2 . 4 _ 1 1 - 0 . 0
50 1 2 - 5 . 6 1 . 3 7 - 1 5 . 0 1 . 1 1 1 - 1 . 2 1 . 2 1 0 - 1 8 . 7 1 . 3
40 1 2 - 4 . 9 0 . 7 7 - 1 4 . 4 0 . 6 1 1 - 0 . 6 0 . 6 1 0 - 1 8 . 3 0 . 4
35 1 2 - 4 . 7 0 . 2 7 - 1 4 . 1 0 . 3 1 1 - 0 . 4 0 . 2 1 0 - 1 8 . 0 0 . 3
28 1 2 - 4 . 4 0 . 3 7 - 1 3 . 8 0 . 3 1 1 - 0 . 2 0 . 2 1 0 - 1 7 . 7 0 . 3
24 1 2 - 4 . 2 0 . 2 7 - 1 3 . 6 0 . 2 1 0 - 1 9 . 9 0 . 3 1 0 - 1 7 . 5 0 . 2
20 1 2 - 4 . 0 0 . 2 7 - 1 3 . 4 0 . 2 1 0 - 1 9 . 6 0 . 3 1 0 - 1 7 . 3 0 . 2
15 1 2 - 3 . 8 0 . 2 7 - 1 3 . 2 0 . 2 1 0 - 1 9 . 3 0 . 3 1 0 - 1 7 . 2 0 . 1
12 1 2 - 3 . 5 0 . 3 7 - 1 2 . 9 0 . 3 1 0 - 1 9 . 2 0 . 1 1 0 - 1 7 . 0 0 . 2
7 1 2 - 3 . 2 0 . 3 7 - 1 2 . 2 0 . 7 1 0 - 1 8 . 3 0 . 9 1 0 - 1 6 . 5 0 . 5
2 1 2 - 2 . 9 0 . 3 7 - 1 1 . 4 0 . 8 1 0 - 1 7 . 4 0 . 9 1 0 - 1 6 . 1 0 . 4
0 1 2 - 2 . 7 0 . 2 7 - 1 1 . 3 0 . 1 1 0 - 1 7 . 3 0 . 1 1 0 - 1 5 . 9 0 . 2
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APPENDIX F
EXPERIMENTAL LENGTH CHANGE DATA
TABLE VI
t e m p . ' f

























70 1 0 - 5 . 2 r r 9 - 1 5 . 8 1 3 - 1 0 . 9 — 1 1 - 6 . 6
50 1 0 - 4 . 1 1 . 1 9 - 1 4 . 6 1 . 2 1 3 - 9 . 8 1 . 1 1 1 - 5 . 3 1 . 3
40 1 0 - 3 . 5 0 . 6 9 - 1 4 . 0 0 . 6 1 3 - 9 . 2 0 . 6 1 1 - 4 . 6 0 . 7
35 1 0 - 3 . 2 0 . 3 9 - 1 3 . 7 0 . 3 1 3 - 9 . 0 0 . 2 1 1 - 4 . 5 0 . 1
28 1 0 - 3 . 0 0 . 2 9 - 1 3 . 4 0 . 3 1 3 - 8 . 7 0 . 3 1 1 - 4 . 4 0 . 1
24 1 0 - 2 . 7 0 . 3 9 - 1 3 . 0 0 . 4 1 3 - 3 . 4 0 . 3 1 1 - 4 . 0 0 . 4
20 1 0 - 2 . 3 0 . 4 9 - 1 2 . 8 0 . 2 1 3 - 3 . 3 0 . 1 1 1 - 3 . 6 0 . 4
15 1 0 - 2 . 0 0 . 3 9 - 1 2 . 6 0 . 2 1 3 - 8 . 1 0 . 2 1 1 - 3 . 5 0 . 1
12 1 0 - 1 . 7 0 . 3 9 - 1 2 . 4 0 . 2 1 3 - 7 . 8 0 . 3 1 1 - 3 . 4 0 . 1
7 1 0 - 1 . 0 0 . 7 9 - H . 9 0 . 5 1 3 - 7 . 1 0 . 7 1 1 - 2 . 8 0 . 6
2 1 0 - 0 . 3 0 . 7 9 - 1 1 . 4 0 . 5 1 3 - 6 . 4 0 . 7 1 1 - 2 . 2 0 . 6
0 1 0 - 0 . 1 0 . 2 9 - 1 1 . 2 0 . 2 1 3 - 6 . 2 0 . 2 1 1 - 2 . 1 0 . 1
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APPENDIX F
EXPERIMENTAL LENC-TH CHANGE DATA
TABLE VI
t e m p ' f

























70 1 0 - 1 . 7 1 1 - 1 0 . 0 1 0 - 1 2 . 1 — 1 2 - 0 . 0
60 1 0 - 1 . 2 0 . 5 1 1 - 9 . 4 0 . 6 1 0 - 1 1 . 4 0 . 7 1 1 - 1 9 . 6 0 . 4
50 1 0 - 0 . 7 0 . 5 1 1 - 8 . 9 0 . 5 1 0 - 1 0 . 9 0 . 5 1 1 - 1 9 . 0 0 . 6
40 1 0 - 0 . 2 0 . 5 1 1 - 8 . 5 0 . 4 1 0 - 1 0 . 4 0 . 5 1 1 - 1 8 . 4 0.6^
35 9 - 1 9 . 8 0 . 4 1 1 - 8 . 1 0 . 4 1 0 - 1 0 . 1 0 . 3 1 1 - 1 8 . 0 0 . 4
25 9 - 1 9 . 3 0 . 5 1 1 - 7 . 7 0 . 4 1 0 - 9 . 7 0 . 4 1 1 - 1 7 . 6 0 . 4
20 9 - 1 9 . 0 0 . 3 1 1 - 7 . 3 0 . 4 1 0 - 9 . 5 0 . 2 1 1 - 1 7 . 1 0 . 5
15 9 - 1 8 . 6 0 . 4 1 1 - 6 . 9 0 . 4 1 0 - 9 . 3 0 . 2 1 1 - 1 6 . 8 0 . 5
12 9 - 1 8 . 4 0 . 2 1 1 - 7 . 0 + 0 . 1 1 0 - 9 . 0 0 . 3 1 1 - 1 6 . 6 0 . 2
10 9 - 1 8 . 1 0 . 3 1 1 - 7 . 2 + 0 . 2 1 0 - 8 . 8 0 . 2 1 1 - 1 6 . 3 0 . 3
5 9 - 1 8 . 3 + 0 . 2 1 1 - 9 . 0 + 1 . 8 1 0 - 1 0 . 8 + 2 . 0 1 1 - 1 6 . 9 + 0 . 6
0 9 - 1 8 . 5 + 0 . 2 1 1 - 1 0 . 8 + 1 . 8 1 0 - 1 2 . 8 + 2 .  0| 1 1 - 1 7 . 5 + 0 . 6
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APPENDIX P
EXPERIMENTAL LENC-TH CHANGE DATA
TABLE VI
t e m p ' f

























70 9 - 1 3 . 3 1 0 - 1 . 3 9 - 1 0 . 8 _ 10- 0.3 —
60 9 - 1 3 . 0 0 . 8 1 0 - 0 . 6 0 . 7 9 - 1 0 . 3 0 . 5 1 0 - 9 . 7 0 . 6
50 9 - 1 2 . 6 0 . 4 1 0 - 0 . 0 0 . 6 9 - 9 . 8 0 . 5 1 0 - 9 . 2 0 . 5
4o 9 - 1 2 . 2 0 . 4 9 - 1 9 . 7 0 , 3 9 - 9 . 3 0 . 5 9 - 1 8 . 8 0 . 4
3 5 9 - 1 1 . 7 0 . 5 9 - 1 9 . 2 0 . 5 9 - 3 . 5 0 . 8 9 - 1 8 . 4 0 . 4
25 9 - 1 1 . 2 0 . 5 9 - 1 3 . 8 0 . 4 9 - 7 . 9 0 . 6 9 - 1 7 . 8 0 . 6
20 9 - H . O 0 . 0 9 - 1 8 . 3 0 . 5 9 - 7 . 6 0 . 3 9 - 1 7 . 5 0 . 3
15 9 - 1 0 . 7 0 . 3 9 - 1 8 . 0 0 . 3 9 - 7 . 3 0 . 3 9 - 1 7 . 1 0 . 4
12 9 - 1 0 . 5 0 . 2 9 - 1 7 . 9 0 . 1 9 - 7 . 2 0 . 1 9 - 1 7 . 4 + 0 . 3
10 9 - 1 0 . 3 0 . 2 9 - 1 7 . 7 0 . 2 9 - 7 . 0 0 . 2 9 - 1 7 . 8 + 0 . 4
5 9 - 1 0 . 5 + 0 . 2 9 - 1 3 . 2 + 0 . 5 9 - 7 . 8 + 0 . 8 1 0 - 1 . 8 + 4 . 0
0 9 - 1 0 . 7 + 0 . 2 9 - 1 8 . 7 + 0 . 5 9 - 3 . 6 + 0 . 8 1 0 - 5 . 7 + 3 . 9
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APPENDIX F
EXPERII'IENTAL LENGTH CHANGE DATA
TABLE VI
T E M P , * F

























70 1 0 - 7 . 2 — 1 0 - 1 2 . 4 - 11- 12.2 - 1 0 - 5 . 1 -
60 10- 6.8 0 . 4 10- 12.0 0 . 4 1 1 - 1 1 . 7 0 . 5 1 0 - 4 . 5 0.6
50 1 0 - 6 . 3 0 . 5 10- 11.6 0 . 4 11- 11.2 0 . 5 1 0 - 4 . 0 0 . 5
40 10- 5.8 0 . 5 1 0 - 1 0 . 9 0 . 7 1 1 - 1 0 . 7 0 . 5 1 0 - 3 . 6 0 . 4
55 1 0 - 5 . 5 0 . 3 1 0 - 1 0 . 7 0.2 1 1 - 1 0 . 4 0 . 3 10- 3.2 0 . 4
25 1 0 - 4 . 8 0 . 7 1 0 - 1 0 . 3 0 . 4 11- 9.8 0.6 1 0 - 2 . 5 0 . 7
20 1 0 - 4 . 5 0 . 3 10- 9.8 0 . 5 1 1 - 9 . 5 0 . 3 10- 2.2 0 . 3
15 1 0 - 4 . 1 0 . 4 1 0 - 9 . 3 0 . 5 1 1 - 9 . 1 0 . 4 1 0 - 1 . 9 0 . 3
12 1 0 - 4 . 1 0.0 1 0 - 9 . 1 0.2 1 1 - 8 . 9 0.2 1 0 - 1 . 9 0.0
10 1 0 - 4 . 0 0.1 10- 8.8 0 . 3 11- 8.6 0 . 3 10- 1.8 0 .1
5 1 0 - 4 . 4 + 0 . 4 1 0 - 9 . 5 + 0 . 7 1 1 - 9 . 5 +2.0 1 0 - 2 . 4 +0.6
0 1 0 - 4 . 8 + 0 . 4 10- 10.2 + o . 7 11- 12.1 + 1 . 5 1 0 - 3 . 0 +0.6
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APPENDIX F
EXPERIMENTAL LENGTH CHANGE DATA
TABLE VI
t e m p ' f
D I A L  RE ADI NGS  S S TRAI NS
























70 1 1 - 1 .5 . 11- 1 1 .6 1 0 - 1 3 .9I 1 2 - 1 2 .3
.
60 1 1 - 0 .9 0 . 6 1 1 - 1 0 .9 0 . 7 1 0 - 1 3 .3 0 . 6 1 2 - 1 2 . 0 0 . 3
50 1 1 - 0 . 2 0 . 7 1 1 - 1 0 .3 0 . 6 1 0 - 1 2 .7 0 . 6 1 2 - 1 0 . 6 0 . 4
4 o 1 0 - 1 9 .5 0 . 7 1 1 - 9 .7 0 . 6 10- 1 2 . 2 0 .5 1 2 - 9 .9 0 . 7
32 1 0 - 1 8 .8 0 . 7 1 1 - 9 . 1 0 . 6 1 0 - 1 1 .5 0 . 7 1 2 - 9 . 4 0 . 5
25 1 0 - 1 8 .6 0 . 2 1 1 - 3 .6 0 .5 10- 1 1 . 1 0 . 4 1 2 - 9 .0 0 . 4
20 1 0 - 1 3 .4 0 . 2 11- 8 . 1 0 .5 10- 1 0 . 6 0 .5 12- 8 . 6 0 . 4
17 1 0 - 1 8 .4 0 . 0 1 1 - 8 . 3 +0 . 2 1 0 - 1 0 . 6 0 . 0 1 2 - 8 .7 +0 . 1
15 l O - r 1 . 3 0 . 1 1 1 - 8 .5 +0 . 2 1 0 - 1 0 .7 +0 . 1 1 2 - 3 .9 +0 . 2
10 1 0 - 1 8 .5 +0 . 2 1 1 - 3 .8 + 0 . 3 10- 1 1 . 0 + 0 .3 1 2 - 9 .1 +0 . 2
7 1 0 -1 8 .7 +0 . 2 11- 9 . 2 + 0 .4 1 0 - 1 1 .3 + 0 . ' j 1 2 - 9 . 4  ■-+0 .3
0 1 0 - 1 9 . C+ 0 . 1 1 - 1 3 .5 + 4 .3 10-. 1 1 . 6 + 0 .3 1 2 - 1 0 .4 +1 . 0
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APPENDIX P
EXPERIMENTAL LENGTH CHANGE DATA
TABLE VI
T E M P * F
D I A L  R E A D I N G S  ft S T R A I N S
S P E C .
NO.
89
a  L 
L
x I 0 4











x | 0 4






70 1 0 - 1 0 . 1 _ 9 - 1 9 . 8 1 2 - 5 . 3 _ 1 2 - 19.0
60 1 0 - 9 . 6 0 . 5 9 - 1 9 . 2 0 . 6 1 2 - 4 . 8 0 . 5 1 2 - 1 8 . 4 0 . 6
50 1 0 - 3 . 9 0 . 7 9 - 1 8 . 7 0 . 5 1 2 - 4 . 3 0 . 5 1 2 - 1 7 . 9 0 . 5
40 1 0 - 8 . 3 0 . 6 9 - 1 3 . 0 0 . 7 1 2 - 3 . 6 0 . 7 1 2 - 1 7 . 3 0 . 6
32 1 0 - 7 . 7 0 . 6 9 - 1 7 . 5 0 . 5 1 2 - 2 . 8 0 . 8 1 2 - 1 6 . 7 0 . 6
25 1 0 - 7 . 2 0 . 5 9 - 1 7 . 1 0 . 4 1 2 - 2 . 5 0 . 3 1 2 - 1 6 . 3 0 . 4
20 1 0 - 6 . 7 0 . 5 9 - 1 6 . 6 0 . 5 1 2 - 2 . 1 0 . 4 1 2 - 1 6 . 0 0 . 3
17 1 0 - 6 . 7 0 . 0 9 - 1 6 . 7 + 0 . 1 1 2 - 2 . 2 + 0 . 1 1 2 - 1 6 . 0 0 . 0
15 1 0 - 6 . 3 + 0 . 1 9 - 1 6 . 8 +0 • 1 1 2 - 2 . 3 + 0 . 1 1 2 - 1 6 . 0 0 . 0
10 1 0 - 7 . 0 + 0 . 2 9 - 1 6 . 9 + 0 . 1 1 2 - 2 . 5 + 0 . 2 1 2 - 1 6 . 2 + 0 . 2
7 1 0 - 7 . 2 + 0 . 2 9 - 1 7 . 1 + 0 . 2 1 2 - 2 . 8 + 0 . 3 1 2 - 1 6 . 4 + 0 . 2
o 1 0 - 7 . 6 + 0 . 4 9 - 1 3 . 1 + 1 . 0 1 2 - 4 . 8 + 2 . 0 1 2 - 1 0 . 4 + 2 . 0
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A??2I'*DIX F
S X P E R I!•:FFTAL LSI'TGTH CHAFGS DATA 
TABLE V I
t e m p . V
D I A L  R E A D I N G S  £• S T R A I N S





x | 0 4





x I O 4












70 1 1 - 1 8 . 7 1 0 - 1 0 . 6 1 1 - 6 . 6 __ 1 1 - 0 . 8
60 1 1 - 1 8 . 0 0 . 7 1 0 - 1 0 . 1 0 . 5 1 1 - 6 . 0 0 . 6 1 1 - C . l 0 . 7
50 1 1 - 1 7 . 5 0 . 5 1 0 - 9 . 5 0 . 6 1 1 - 5 . 5 0 . 5 1 0 - 1 9 . 6 0 . 5
40 1 1 - 1 7 . 0 0 . 5 1 0 - 8 . 9 0 . 6 1 1 - 4 . 8 0 . 7 1 0 - 1 9 . 0 0 . 6
32 1 1 - 1 6 . 5 0 . 5 1 0 - 8 . 3 0 . 6 1 1 - 4 . 2 0 . 6 1 0 - 1 8 . 3 0 . 7
25 l l - l o . O 0 . 5 1 0 - 7 . 9 0 . 4 U - 3 . 7 0 . 5 1 0 - 1 3 . C 0 . 3
20 1 1 - 1 5 . 4 0 . 6 1 0 - 7 . 5 0 . 4 1 1 - 3 . 1 0 . 6 1 0 - 1 7 . 7 0 . 3
17 1 1 - 1 5 . 4 0 . 0 1 0 - 7 . 5 0 . 0 1 1 - 3 . 2 + 0 . 1 1 0 - 1 7 . c 0 . 1
15 1 1 - 1 5 . 5 + 0 . 1 1 0 - 7 . 6 + 0 . 1 1 1 - 3 . 3 + 0 . 1 1 0 - 1 7 . f 0 . 1
10 1 1 - 1 5 . 7 + 0 . 2 1 0 - 7 . 7 + 0 . 1 1 1 - 3 . 4 + 0 . 1 1 0 - 1 7 . 7 + 0 . 2
7 1 1 - 1 5 . 9 + 0 . 2 1 0 - 7 . 9 + 0 . 2 1 1 - 3 . 6 + 0 . 2 1 0 - 1 7 9 + 0 . 2
0 1 1 - 1 6 . 3 + 0 . 4 1 0 - 9 . 9 + 2 . 0 1 1 - 5 . 4 + 1 . 8 1 0 - 1 9 . 2 + 1 . 3
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APPENDIX F
EXPERIMENTAL LENGTH CHANGE DATA
TABLE VI
T E  M P. ° F
D I A L  R E A D I N G S  S  S T R A I N S





x I 0 4











x | 0 4






70 1 1 - 3 . 1 — 1 1 - 4 . 7 - 1 1 - 1 0 . 3 - 9 - 1 4 . 3 -
60 1 1 - 2 . 6 0 . 5 1 1 - 4 . 3 0 . 4 1 1 - 9 . 8 0 . 5 9 - 1 3 . 7 0 . 6
50 1 1 - 2 . 0 0 . 6 1 1 - 3 . 7 0 . 7 1 1 - 9 . 4 0 . 4 9 - 1 3 . 3 0 . 4
4o 1 1 - 0 . 8 1 . 2 1 1 - 2 . 4 1 . 3 1 1 - 9 . 0 0 . 4 9 - 1 2 . 9 0 . 4
35 1 1 - 1 . 3 0 . 6 1 1 - 3 . 0 0 . 4 1 1 - 8 . 7 0 . 3 9 - 1 2 . 5 0 . 4
30 1 1 - 1 . 0 0 . 3 1 1 - 2 . 8 0 . 2 1 1 - 8 . 5 0 . 2 9 - 1 2 . 4 0 . 1
25 1 1 - 0 . 7 0 . 3 1 1 - 2 . 5 0 . 3 1 1 - 8 . 3 0 . 2 9 - 1 2 . 2 0 . 2
20 1 1 - 0 . 2 0 . 5 1 1 - 2 . 3 0 . 2 1 1 - 7 . 9 0 . 4 9 - 1 2 . 0 0 . 2
15 1 1 - 0 . 1 0 . 1 1 1 - 2 . 1 0 . 2 1 1 - 7 . 5 0 . 4 9 - 1 1 . 8 0 . 2
10 1 0 - 1 9 . 7 0 . 4 1 1 - 1 . 5 0 . 6 1 1 - 6 . 9 0 . 6 9 - 1 1 . 3 0 . 5
3 1 0 - 1 9 . 2 0 . 5 1 1 - 0 . 9 0 . 6 1 1 - 6 . 6 0 . 3 9 - 1 0 . 8 0 . 5
0 1 0 - 1 9 . 2 0 . 0 1 1 - 0 . 9 0 . 0 1 1 - 6 . 6 0 . 0 9 - 1 0 . 8 0 . 0
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
APPENDIX F
EXPERIMENTAL LENGTH CHANGE DATA
TABLE VI
T E M  P . * F
D I A L  R E A D I N G S  8  S T R A I N S





x I 0 4





x I O 4





x I O 4






70 1 0 - 0 . 2 — 1 1 - 2 . 4 _ 9 - 1 0 . 6 - 8 - 1 9 . 8 -
60 9 - 1 9 . 7 0 . 5 1 1 - 1 . 8 0 . 6 9 - 9 . 9 0 . 7 8 - 1 9 . 2 0 . 6
50 9 - 1 9 . 3 0 . 4 1 1 - 1 . 2 0 . 6 9 - 9 . 2 0 . 7 8 - 1 8 . 5 0 . 7
40 9 - 1 3 . 7 0 . 6 1 1 - 0 . 8 0 . 4 9 - 3 . 5 0 . 7 8 - 1 8 . 0 0 . 5
35 9 - 1 3 . 6 0 . 1 1 1 - 0 . 6 0 . 2 9 - 8 . 3 0 . 2 3 - 1 7 . 8 0 . 2
30 9 - 1 3 . 3 0 . 3 1 1 - 0 . 3 0 . 3 9 - 8 . 3 0 . 0 8 - 1 7 . 6 0 . 2
25 9 - 1 7 . 9 0 . 4 1 1 - 0 . 0 0 . 3 9 - 8 . 2 0 . 1 3 - 1 7 . 4 0 . 2
20 9 - 1 7 . 6 0 . 3 1 0 - 1 9 . 7 0 . 3 9 - 8 . 1 0 . 1 8 - 1 7 . 1 0 . 3
15 9 - 1 7 . 3 0 . 3 1 0 - 1 9 . 5 0 . 2 9 - 8 . 0 0 . 1 3 - 1 6 . 9 0 . 2
10 9 - 1 7 . 0 0 . 3 1 0 - 1 9 . 3 0 . 2 9 - 7 . 5 0 . 5 3 - 1 6 . 6 0 . 3
q 9 - 1 6 . 6 0 . 4 10- 19.0 0 . 3 9 - 7 . 0 0 . 5 8 - 1 6 . 3 0 . 3
0 9 - 1 6 . 3 0 . 3 1 0 - 1 8 . 7 0 . 3 9 - 6 . 9 0 . 1 8 - 1 5 . 2 1 . 1
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APPENDIX F
EXPERIMENTAL LENGTH CHA-NGE DATA
TABLE VI
t e m p ' f
D I A L  R E A D I N G S  8  S T R A I N S





x I 0 4





x I O 4





x I O 4






70 9 - 8 . 8 1 0 - 1 6 . 6 — 1 0 - 9 . 2 1 0 - 4 . 9
60 9 - 8 . 4 0 . 4 1 0 - 1 6 . 1 0 . 5 1 0 - 8 . 7 0 . 5 1 0 - 4 . 3 0 . 6
50 9 - 7 . 9 0 . 5 1 0 - 1 5 . 6 0 . 5 1 0 - 3 . 1 0 . 6 1 0 - 3 . 7 0 . 6
40 9 - 7 . 5 0 . 4 1 0 - 1 5 . 2 0 . 4 1 0 - 7 . 7 0 . 4 1 0 - 3 . 4 0 . 3
35 9 - 7 . 3 0 . 2 1 0 - 1 5 . 0 0 . 2 1 0 - 7 . 4 0 . 3 1 0 - 3 . 0 0 . 4
30 9 - 7 . 0 0 . 3 1 0 - 1 4 . 7 0 . 3 1 0 - 7 . 1 0 . 3 1 0 - 2 . 8 0 . 2
25 9 - 6 . 6 0 . 4 1 0 - 1 4 . 5 0 . 4 1 0 - 6 . 9 0 . 2 1 0 - 2 . 5 0 . 3
20 9 - 6 . 3 0 . 3 1 0 - 1 4 . 0 0 . 3 1 0 - 6 . 7 0 . 2 1 0 - 2 . 3 0 . 2
15 9 - 6 . 0 0 . 3 1 0 - 1 3 . 6 0 . 4 1 0 - 6 . 5 0 . 2 1 0 - 2 . 0 0 . 3
1 0 9 - 5 . 4 0 . 6 1 0 - 1 3 . 3 0 . 3 1 0 - 6 . 2 0 . 3 1 0 - 1 . 7 0 . 3
3 9 - 4 . 9 0 . 5 1 0 - 1 3 . 0 0 . 3 1 0 - 5 . 8 0 . 4 1 0 - 1 . 3 0 . 4
0 9 - 4 . 3 0 . 6 1 0 - 1 2 . 7 0 . 3 1 0 - 5 . 8 0 . 0 1 0 - 1 . 3 0 . 0
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APPENDIX F
EXPERIMENTAL LENGTH CHANGE DATA
TABLE VI
t e m p ' f
D I A L  R E A D I N G S  S  S T R A I N S





x I 0 4





x I O 4












70 8 - 7 . 0 9 - 7 . 2 — 8 - 7 . 5 9 - 6 . 9
60 8 - 6 . 4 0 . 6 9 - 6 . 6 0 . 6 3 - 7 . 0 0 . 5 9 - 6 . 2 0 . 7
50 8 - 5 . 9 0 . 5 9 - 6 . 2 0 . 4 3 - 6 . 5 0 . 5 9 - 5 . 6 0 . 6
40 8 - 5 . 6 0 . 3 9 - 5 . 3 0 . 4 8 - 6 . 2 0 . 3 9 - 5 . 2 0 . 4
35 ' 8 - 5 . 3 0 . 3 9 - 5 . 4 0 . 4 8 - 5 . 8 0 . 4 9 - 4 . 9 0 . 3
30 8 - 4 . 9 0 . 4 9 - 5 . 1 0 . 3 3 - 5 . 4 0 . 4 9 - 4 . 7 0 . 2
25 8 - 4 . 5 0 . 4 9 - 4 . 8 0 . 3 8 - 5 . 1 0 . 3 9 - 4 . 4 0 . 3
20 <8-4.5 0 . 0 9 - 4 . 7 0 . 1 3 - 4 . 9 0 . 2 9 - 4 . 1 0 . 3
15 6 -  4 . 4 0 . 1 9 - 4 . 7 0 . 0 8 - 4 . 8 0 . 1 9 - 4 . 0 0 . 1
10 8 - 4 . 3 0 . 1 9 - 4 . 5 0 . 2 3 - 4 . 8 0 . 0 9 - 3 . 3 0 . 2
8 8 - 4 . 1 0 . 2 9 - 4 . 4 0 . 1 8 - 4 . 6 0 . 2 9 - 3 . 8 0 . 0
0 8 - 4 . 0 0 . 1 9 - 4 . 3 0 . 1 8 - 4 . 5 0 . 1 9 - 3 . 7 0 . 1
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APPENDIX F
EXPERIMENTAL LENGTH CHANGE DATA
TABLE YI
T E M P . V
D I A L  R E A D I N G S  8  S T R A I N S





x I 0 4











x | 0 4






70 9 - 1 4 . 0 - 10- 0 . 0 - 9 - 1 3 . 0 - 1 0 - 2 .5 -
60 9 - 1 3 . 4 0 . 6 9 - 1 9 . 5 0 . 5 9 - 1 2 . 4 0 . 6 10- 2 . 0 0 . 5
50 9 - 1 3 . 0 0 . 4 9- 18.8 0 . 7 9- 11.6 0 . 5 1 0 - 1 .5 0 . 5
40 9 - 1 2 . 7 0 . 3  ■ 9 - 1 8 . 3 0 . 5 9- 11.2 0 . 4 10- 1.2 0 . 3
35 9 - 1 2 . 3 0 . 4 9 - 1 8 . 1 0 . 2 9 - 1 0 . 7 0 . 5 10- 1.1 0 . 1
30 9 - 12.1 0 . 2 9 - 1 7 . 8 0 . 3 9 - 1 0 . 5 0 . 2 1 0 - 0 .9 0 . 2
25 9- 12.0 0 . 1 9 - 1 7 . 5 0 . 3 9 - 1 0 . 4 0.1 1 0 - 0 .5 0 . 4
20 9 - 1 1 . 7 0 . 3 9 - 1 7 . 2 0 . 3 9 - 10.2 0 . 2 10- 0 . 2 0 . 3
15 9 - 1 1 . 5 0 . 2 9 - 1 7 . 1 0.1 9 - 10.0 0 . 2 10- 0 . 0 0 . 2
10 9 - 1 1 . 1 0 . 4 9 - 1 6 . 9 0 . 2 9 - 9 . 6 0 . 4 9 - 1 9 . 8 0 . 2
8 9- 10.6 0 . 5 9 - 1 6 . 5 0 . 4 9 - 9 . 2 0 . 4 9 - 1 9 . 0 0 . 2
0 9 - 1 0 . 5 0 . 1 9 - 16.2 0 . 3 9 - 9 . 0 0 . 2 9 - 1 9 . 2 0 . 4
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APPENDIX F
EXPERIMENTAL LENGTH CHARGE DATA
TASLE VI
T E M  P  ° F
D I A L  R E A D I N G S  8  S T R A I N S





x I 0 4

















7 0 9 - 3 . 0 - 1 0 - 1 5 . 0 - 1 0 - 8 . 2 - 1 0 - 4 . 0 -
60 9 - 7 . 6 0 . 4 1 C -1 4 .4 ' 0 . 6 1 0 - 7 . 6 0 . 6 1 0 - 3 . 5 0 . 5
50 9 - 7 . 2 0 . 4 1 0 - 1 3 . 9 0 . 5 1 0 - 7 . 0 0 . 6 1 0 - 2 . 9 0 . 6
40 9 - 6 . 7 0 . 5 1 0 - 1 3 . 4 0 . 5 1 0 - 6 . 6 0 . 4 1 0 - 2 . 5 0 . 4
35 9 - 6 . 4 0 . 3 1 0 - 1 3 . 0 0 . 4 1 0 - 6 . 3 0 . 3 1 0 - 2 . 1 0 . 4
30 9 - 6 . 1 0 . 3 1 0 - 1 2 . 6 0 . 4 1 0 - 6 . 0 0 . 3 1 0 - 1 . 8 0 . 3
25 9 - 5 . 7 0 . 4 1 0 - 1 2 . 3 0 . 3 1 0 - 5 . 6 0 . 4 1 0 - 1 . 6 0 . 2
20 9 - 5 . 3 0 . 4 1 0 - 1 2 . 1 0 . 2 1 0 - 5 . 4 0 . 2 1 0 - 1 . 4 0 . 2
15 9 - 4 . 8 0 . 5 1 0 - 1 1 . 9 0 . 2 1 0 - 5 . 2 0 . 2 1 0 - 1 . 3 0 . 1
10 9 - 4 . 2 0 . 6 1 0 - 1 1 . 6 0 . 3 1 0 - 5 . 1 0 . 1 1 0 - 1 . 2 0 .1
8 9 - 3 . 5 0 . 7 1 0 - 1 1 . 2 0 . 4 1 0 - 4 . 6 0 . 5 1 0 - 0 . 8 0 . 4
0 9 - 3 . 1 0 . 4 1 0 - 1 1 . 1 0 .  1 1 0 - 4 . 4 0 . 2 1 0 - 0 . 6 0 . 2
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APPENDIX P
EXPERIMENTAL LENC-TH CILA.NGE DATA
TABLE VI
T E M P . V
D I A L  R E A D I N G S  8  S T R A I N S





x I 0 4











x I O 4






70 1 2 - 9 .2 - 1 2 - 4 4 .5 - 11 - 4 . 2 - 11- 3 . 0 -
60 1 2 - 8 .3 0 . 9 1 2 - 1 3 .8 ' 0 . 7 1 1 - 3 .3 0 . 9 11- 2 . 2 0 , 8
55 1 2 - 7 .9 0 . 4 1 2 - 1 3 .5 0 . 3 1 1 -3 .1 0 . 2 11- 1.8 0 . 4
45 1 2 - 7 . 4 0 . 5 1 2 - 1 2 .9 0 . 6 11- 2 .6 0 . 5 11- 1.1 0 . 7
55 12- 6 . 6 0 . 8 1 2 - 1 2 .5 0 . 4 11- 2 . 2 0 . 4 11- 1.0 0 . 1
30 1 2 - 6 .5 0 . 3 12- 11.9 0 . 6 1 1 - 1 .7 0 . 5 11- 0 . 8 0 . 2
25 1 2 - 6 . 4 0.1 1 2 - 1 1 .5 0 . 4 11- 1.2 0 . 5 1 1 - 0 .5 0 . 3
20 12- 6 . 2 0 . 2 12- 11.2 0 . 3 11- 0 . 8 0 . 4 11- 0.1 0 . 4
15 1 2 - 5 .8 0 . 4 1 2 - 1 0 .9 0 . 3 11 r 0 .4 0 . 4 1 0 - 1 9 .5 0 . 6
12 1 2 - 5 .5 0 . 3 1 2 - 1 0 .5 0 . 4 11- 0 . 2 0 . 2 1 0 -1 9 .5 0 . 0
7 1 2 - 5 .3 0 . 2 12- 10.1 0 . 4 1 1- 0 . 0 0 . 2 1 0 -1 9 .3 0 . 2
2 2 - 5 . 0 0 . 3 12- 9 . 8 0 . 3 1 0 - 1 9 .9 0 . 2 10-19 .1 0 . 2
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APPENDIX P
EXPERIMENTAL LENGTH CHANGE DATA
TABLE VI
T E  M P ° F
D I A L  R E A D I N G S  f t  S T R A I N S





x I 0 4





x I O 4





x I O 4






70 8 - 1 5 . 0 - 10- 17.0 - 9 - 1 5 . 0 - 10- 0 . 0 -
60 8 - 1 4 . 4 0 . 6 10- 16 . 2 ' 0 . 3 9 - 1 4 . 4 0 . 6 9 - 1 9 . 3 0 . 7
55 8 - 1 3 . 8 0 . 4 1 0 - 1 5 . 4 0 . 3 9 - 1 3 . 9 0 . 5 9 - 1 8 . 7 0 . 6
4-5 3 - 1 3 . 2 0 .6 1 0 - 1 4 .8 0 . 6 9 - 1 3 . 2 0 . 7 9 - 18.0 0 . 7
35 3 - 1 2 . 7 0 . 5 1 0 - 1 4 .3 0 . 5 9- 12.8 0 . 4 9 - 1 7 . 4 0 . 6
30 3 - 1 2 . 3 0 . 3 1 0 - 1 4 .0 0 . 3 9 - 1 2 . 4 0 . 4 9 - 1 7 . 0 0 . 4
25 3 - 1 2 . 3 0.1 1 0 - 1 3 .8 0 . 2 9 - 12.0 0 . 4 9 - 1 6 . 7 0 . 3
20 3 - 1 2 . 0 0 . 3 1 0 - 1 3 .5 0 . 3 9 - 11.8 0 . 2 9 - 1 6 . 4 0 . 3
15 3 - 1 1 .8 0 .2 10- 13.0 0 . 5 9 - 1 1 . 3 0 . 5 9 - 16.1 0 . 3
12 8 - 1 1 . 5 0 . 3 10- 12.8 0 . 2 9 - 1 1 .1 0 . 2 9 - 1 5 . 9 0 . 2
7 3 - 1 1 . 2 0. 3 10- 12.6 0 . 2 9 - 10.8 0 . 3 9 - 1 5 . 7 0 . 2
2 3 - 1 1 . 0 0 .2 10- 12.2 0 . 4 9 - 10.6 0 . 2 9 - 1 5 . 6 0 .  1
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APPENDIX F
EXPERIMENTAL LENGTH CHANGE DATA
TABLE VI
T E  M P. ° F
D I A L  R E A D I N G S  8  S T R A I N S





x I 0 4





x I O 4





x I O 4






70 S - 1 9 . 5 - 9 - 1 8 . 7 - 1 0 - 1 0 .5 - 1 0 - 9 .6 -
60 9 - 1 9 . 0 0 . 5 9 - 1 3 . 2 0 . 5 1 0 - 9 .9 0 . 6 1 0 - 9 .0 0 . 6
55 9 - 1 8 . 3 0 . 7 9 - 1 7 . 6 0 . 6 1 0 - 9 .3 0 . 6 1 0 - 8 . 3 0 . 7
45 9 - 1 7 . 6 0 . 7 9 - 1 6 . 9 0 . 7 1 0 - 8 . 7 0 . 6 1 0 - 7 .6 0 . 7
35 9 - 1 7 .1 0 . 5 9 - 1 6 . 3 0 . 6 1 0 - 8 . 0 0 . 7 1 0 -7 .1 0 . 5
30 9 - 1 6 . 5 0 . 6 9 - 1 6 . 0 0 . 3 1 0 - 7 . 2 0 . 8 1 0 - 6 . 6 0 . 5
25 9 - 1 6 . 0 0 . 5 9 - 1 5 . 6 0 . 4 1 0 - 6 .6 0 . 6 1 0 - 6 . 2 0 . 4
20 9 - 1 5 . 3 0 . 7 9 - 1 5 . 2 0 . 4 1 0 -6 .1 0 . 5 1 0 - 5 .8 0 . 4
15 9 - 1 5 . 0 0 . 3 9 - 1 4 . 8 0 . 4 1 0 - 5 . 4 0 . 7 1 0 - 5 . 2 0 .6 '
12 9 - 1 4 / 7 0 . 3 9 - 1 4 . 3 0 . 5 10- 5.1 0;  3 1 0 - 4 .9 0 . 3
7 9 - 1 4 . 5 0 . 2 9 - 1 3 . 9 0 . 4 1 0 - 4 .9 0 . 2 1 0 - 4 . 7 0 . 2
2 9 - 1 4 .1 0 . 4 9 - 1 3 . 4 0 . 5 1 0 - 4 .7 0 . 2 1 0 - 4 .6 0 .  1
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APPE1CDIX F
EXPERIXENTAL LELTGTH CHARGE DATA
TABLE VI
T  E M P.  ° F
D I A L  R E A D I N G S  a  S T R A I N S





x I 0 4





x I 0 4





x I O 4









7 0 1 1 - 4 . 7 — 1 1 - 1 6 . 7 1 0 - 1 7 . 0 1 2 - 1 6 . 2
62 1 1 - 4 . 4 0 . 3 1 1 - 1 6 . 4 0 . 3 1 0 - 1 6 . 6 0 . 4 1 2 - 1 5 . 8 0 . 4
5 5 1 1 - 4 . 1 0 . 3 1 1 - 1 6 . 1 0 . 3 1 0 - 1 6 . 3 0 . 3 1 2 - 1 5 . 4 0 . 4
4 5 1 1 - 3 . 9 0 . 2 1 1 - 1 5 . 8 0 . 3 1 0 - 1 6 . 0 0 . 3 1 2 - 1 5 . 0 0 . 4
58 1 1 - 3 . 6 0 . 3 1 1 - 1 5 . 5 0 . 3 1 0 - 1 5 . 6 0 . 4 1 2 - 1 4 . 6 0 . 4
3 0 1 1 - 2 . 9 0 . 7 1 1 - 1 5 . 0 0 . 5 1 0 - 1 5 . 3 0 . 3 1 2 - 1 4 . 3 0 . 3
22 1 1 - 2 . 5 0 . 4 1 1 - 1 4 . 5 0 . 5 1 0 - 1 5 . 0 0 . 3 1 2 - 1 4 . 0 0 . 3
18 1 1 - 2 . 4 0 . 1 1 1 - 1 4 . 6 + 0 . 1 1 0 - 1 4 . 8 0 . 2 1 2 - 1 3 . 9 0 . 1
1 4 1 1 - 2 . 3 0 . 1 1 1 - 1 4 . 7 + 0 . 1 1 0 - 1 4 . 7 0 . 1 1 2 - 1 8 . 8 0 . 1
10 1 1 - 2 . 0 0 . 3 1 1 - 1 4 . 4 0 . 3 1 0 - 1 4 . 3 0 . 4 1 2 - 1 3 . 5 0 . 3
. 7 1 1 - 1 . 8 0 . 2 1 1 - 1 4 . 1 0 . 3 1 0 - 1 4 . 0 0 . 3 1 2 - 1 3 . 3 0 . 2
0 1 1 - 1 . 7 0 . 1 1 1 - 1 5 . 3 + 1 . 2 1 0 - 1 4 . 3 + 0 .  ‘j 1 2 - 1 4 . 5 + 1 . 2
Data f o r  1 s t  r e c y c l i n g  o f  spec im en n o s .  9 7 -1 0 8
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APPENDIX F
EXPERIMENTAL LENGTH CHANGE DATA
TABLE VI
T E M P ° F

























70 1 0 - 1 3 . 2 — 1 0 - 3 . 4 — 1 2 - 9 . 5 — 1 3 - 3 .3 —
62 1 0 - 1 2 . 9 0 . 3 1 0 - 3 . 1 0 . 3 1 2 - 9 . 2 0 . 3 1 3 - 3 . 0 0 . 3
55 1 0 - 1 2 . 6 0 . 3 1 0 - 2 . 3 0 . 3 1 2 - 8 . 3 0 . 4 1 3 - 2 . 6 0 . 4
45 1 0 - 1 2 . 3 0 . 3 1 0 - 2 . 5 0 . 3 1 2 - 8 . 6 0 . 2 1 3 - 2 . 2 0 . 4
38 1 0 - 1 2 . 0 0 . 3 1 0 - 2 . 1 0 . 4 1 2 - 3 . 3 0 . 3 1 3 - 1 . 8 0 . 4
30 1 0 - 1 1 . 7 0 . 3 1 0 - 1 . 7 0 . 4 1 2 - 7 . 9 0 . 4 1 3 - 1 . 4 0 . 4
22 1 0 - 1 1 . 5 0 . 2 1 0 - 1 . 3 0 . 4 1 2 - 7 . 5 0 . 4 1 3 - 0 . 9 0 . 5
18 1 0 - 1 1 . 2 0 . 3 1 0 - 1 . 1 0 . 2 1 2 - 7 . 5 0 . 0 1 3 - 0 . 9 0 . 0
14 1 0 - 1 1 . 0 0 . 2 1 0 - 1 . 0 0 . 1 1 2 - 7 . 4 0 . 1 1 3 - 0 . 8 0 . 1
10 1 0 - 1 0 . 6 0 . 4 1 0 - 0 . 7 0 . 3 1 2 - 7 . 1 0 . 3 1 3 - 0 . 5 0 . 3
7 1 0 - 1 0 . 1 0 . 5 1 0 - 0 . 5 0 . 2 1 2 - 6 . 9 0 . 2 1 3 - 0 . 3 0 . 2
0 1 0 - 9 . 7 0 . 4 1 0 - 0 . 3 0 . 2 1 2 - 6 . 9 0 . 0 1 3 - 0 . 4 t-0.1
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APPENDIX F
EXPERIMENTAL LENGTH CHANGE DATA
TABLE VI
T E  M P  ° F
D I A L  R E A D I N G S  S  S T R A I N S











x I O 4





x I O 4






70 1 2 - 2 . 1 . 1 0 - 1 4 . 6 1 1 - 1 0 . 3 1 1 - 4 . 4 .
62 1 2 - 1 . 3 0 . 3 1 0 - 1 4 . 3 0 . 3 1 1 - 1 0 . 0 0 . 3 1 1 - 4 . 1 0 . 3
55 1 2 - 1 . 5 0 . 3 1 0 - 1 3 . 9 0 . 4 1 1 - 9 . 6 0 . 4 1 1 - 3 . 8 0 . 3
45 1 2 - 1 . 2 0 . 3 1 0 - 1 3 . 6 0 . 3 1 1 - 9 . 2 0 . 4 1 1 - 3 . 5 0 . 3
38 1 2 - 0 . 8 0 . 4 1 0 - 1 3 . 4 0 . 2 1 1 - 8 . 8 0 . 4 1 1 - 3 . 3 0 . 2
30 1 2 - 0 . 4 0 . 4 1 0 - 1 2 . 9 0 . 5 1 1 - 8 . 5 0 . 4 1 1 - 2 . 9 0 . 3
22 1 2 - 0 . 0 0 . 4 1 0 - 1 2 . 3 0 . 6 1 1 - 8 . 1 0 . 4 1 1 - 2 . 5 0 . 4
18 1 1 - 1 9 5 0 . 1 1 0 - 1 2 . 3 0 . 0 1 1 - 7 . 9 0 . 2 1 1 - 2 . 3 0 . 2
14 1 1 - 1 9 . 7 0 . 2 1 0 - 1 2 . 4 + 0 . 1 1 1 - 7 . 3 0 . 1 1 1 - 2 . 1 0 . 2
10 1 1 - 1 9 . 4 0 . 3 1 0 - 1 2 . 1 0 . 3 1 1 - 7 . 4 0 . 4 1 1 - 1 . 8 0 . 3
7 1 1 - 1 9 .1 0 . 3 1 0 - 1 1 . 8 0 . 3 1 1 - 7 . 1 0 . 3 1 1 - 1 . 4 0 . 4
0 1 1 - 1 8 .8 0 . 3 1 0 - 1 1 . 7 0 . 1 1 1 - 7 . 1 0 . 0 1 1 - 0 . 3 0 . 6
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APPENDIX P
EXPERIMENTAL LENGTH CHANGE DATA
TABLE VI
t e m p / f

























70 1 1 - 4 . 0 _ 1 1 - 1 5 . 7 _ 1 0 - 1 6 . 3 _ L 2-15 .2 —
60 1 1 - 3 . 5 0 . 5 1 1 - 1 5 . 2 0 . 5 1 0 - 1 5 . 8 0 . 5 L 2 -1 4 .5 0 . 7
50 1 1 - 2 . 9 0 . 6 1 1 - 1 4 . 7 0 . 5 1 0 - 1 5 . 4 0 . 4 L2-13 .S 0 . 7
40 1 1 - 2 . 4 0 . 5 1 1 - 1 4 . 2 0 . 5 1 0 - 1 4 . 9 0 . 5 1 2 - 1 3 . 3 0 . 5
30 1 1 - 2 . 0 0 . 4 1 1 - 1 3 . 7 0 . 5 1 0 - 1 4 . 3 0 . 6 1 2 - 1 2 . 9 0 . 4
25 1 1 - 1 . 8 0 . 2 1 1 - 1 3 . 2 0 . 5 1 0 - 1 3 . 8 0 . 5 1 2 - 1 2 . 7 0 . 2
20 1 1 - 1 . 3 0 . 5 1 1 - 1 2 . 7 0 . 5 1 0 - 1 3 . 3 0 . 5 1 2 - 1 2 . 3 0 . 4
17 1 1 - 1 . 0 0 . 3 1 1 - 1 2 . 6 0 . 1 1 0 - 1 3 . 1 0 . 2 1 2 - 1 2 . 1 0 . 2
12 1 1 - 0 . 7 0 . 3 1 1 - 1 2 . 5 o . l 1 0 - 1 3 . 0 0 . 0 1 2 - 1 2 . 0 0 . 1
10 1 1 - 0 . 2 0 . 5 1 1 - 1 2 . 2 0 . 3 1 0 - 1 2 . 6 0 . 4 1 2 - 1 1 . 5 0 . 5
5 1 0 - 1 9 . 9 0 . 3 1 1 - 1 2 . 0 0 . 2 1 0 - 1 2 . 3 0 . 3 1 2 - 1 1 . 3 0 . 2
0 1 0 - 1 9 . 5 0 . 4 1 1 - 1 2 . 5 + 0 .5 1 0 - 1 2 . 2 0 . 1 1 2 - 1 1 . 9 + 0 . 6
Data f o r  2nd r e c y c l i n g  o f  specim en n o s .  9 7 -1 0 8
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APPENDIX P
EXPERIMENTAL LENGTH CHANGE DATA
TABLE VI
t e m p . V

























70 1 0 - 1 2 . 5 — 1 0 - 2 . 7 — 1 2 - 9 . 3 1 3 - 2 . 3
60 1 0 - 1 2 . 0 0 . 5 1 0 - 2 . 2 0 . 5 1 2 - 8 . 6 0 . 7 1 3 - 1 . 9 0 . 4
50 1 0 - 1 1 . 5 0 . 5 1 0 - 1 . 8 0 . 4 1 2 - 8 . 0 0 . 6 1 3 - 1 . 5 0 . 4
40 1 0 - 1 1 . 0 0 . 5 1 0 - 1 . 2 0 . 6 1 2 - 7 . 4 0 . 6 1 3 - 0 . 9 0 . 6
30 1 0 - 1 0 . 5 0 . 5 1 0 - 0 . 7 0 . 5 1 2 - 6 . 8 0 . 6 1 3 - 0 . 3 0 . 6
25 1 0 - 1 0 . 1 0 . 4 1 0 - 0 . 2 0 . 5 1 2 - 6 . 3 0 . 5 1 3 - 0 . 0 0 . 3
20 1 0 - 9 . 7 0 . 4 9 - 1 9 . 9 0 . 3 1 2 - 5 . 9 0 . 4 1 2 - 1 9 .6 0 . 4
17 1 0 - 9 . 4 0 . 3 9 - 1 9 . 8 0 . 1 1 2 - 5 . 5 0 . 4 1 2 - 1 9 . 5 0 . 1
12 1 0 - 9 . 2 0 . 2 9 - 1 9 . 7 0 . 1 1 2 - 5 . 3 0 . 2 1 2 - 1 9 . 4 0 . 1
10 1 0 - 8 . 9 0 . 3 9 - 1 9 . 2 0 . 5 1 2 - 5 . 1 0 . 2 1 2 - 1 9 . 0 0 . 4
5 1 0 - " . 5 0 . 4 9 - 1 8 . 7 0 . 5 1 2 - 4 . 9 0 . 2 1 2 - 1 3 .5 0 . 5
0 1 0 - 2 . 1 0 . 4 9 - 1 8 . 6 0 . 1 1 2 - 4 . 7 0 . 2 1 2 - 1 8 .5 0 . 0
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APPENDIX F
EXPERIMENTAL LENGTH CHANGE DATA
TABLE VI
T E M P #F

























70 1 2 - 1 . 4 - 1 0 - 1 3 . 7 - 1 1 - 9 . 5 1 1 - 3 . 7 —
60 1 2 - 0 . 9 0 . 5 1 0 - 1 3 . 2 0 . 5 1 1 - 3 . 9 0 . 6 1 1 - 3 . 1 0 . 6
50 1 2 - 0 . 4 0 . 5 1 0 - 1 2 . 7 0 . 5 1 1 - 8 . 4 0 . 5 1 1 - 2 . 6 0 . 5
4-0 1 1 - 1 9 .9 0 . 5 1 0 - 1 2 . 2 0 . 5 1 1 - 8 . 0 0 . 4 1 1 - 2 . 0 0 . 6
30 1 1 - 1 9 . 4 0 . 5 1 0 - 1 1 . 8 0 . 4 1 1 - 7 . 5 0 . 5 1 1 - 1 . 4 0 . 6
25 1 1 - 1 9 . 0 0 . 4 1 0 - 1 1 . 3 0 . 5 1 1 - 7 . 1 0 . 4 1 1 - 1 . 1 0 , 3
20 1 1 - 1 8 . 6 0 . 4 1 0 - 1 0 . 8 0 . 5 1 1 - 6 . 7 0 . 4 1 1 - 0 . 8 0 . 3
17 1 1 - 1 8 . 4 0 . 2 1 0 - 1 0 . 8 0 . 0 1 1 - 6 . 5 0 . 2 1 1 - 0 . 6 0 . 2
12 1 1 - 1 8 .2 0 . 2 1 0 - 1 0 . 9 + 0 .1 1 1 - 6 . 3 0 . 2 1 1 - 0 . 4 0 . 2
10 1 1 - 1 7 .7 0 . 5 1 0 - 1 0 . 5 0 . 4 1 1 - 6 . 0 0 . 3 1 1 - 0 . 1 0 . 3
5 1 1 - 1 7 .3 0 . 4 1 0 - 9 . 3 0 . 7 1 1 - 5 . 5 0 . 5 1 0 - 1 9 . 5 0 . 6
0 1 1 - 1 7 .3 0 . 0 1 0 - 9 . 8 0 . 0 1 1 - 5 . 3 0 . 2 1 0 - 1 9 .3 0 . 2
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APPENDIX F
EXPERIMENTAL LENGTH CHANC-S DATA
TABLE VI
T E M P ° F
D I A L  R E A D I N G S  ft  S T R A I N S











x l O 4





x l O 4






70 3 - 1 5 . 3 _ 1 1 - 8 . 3 — 9 - 1 6 . 9 — 9 - 1 3 . 3 —
60 3 - 1 4 . 9 0 . 4 1 1 - 7 . 8 0 . 5 9 - 1 6 . 3 0 . 6 9 - 1 2 . 9 0 . 4
50 3 - 1 4 . 5 0 . 4 1 1 - 7 . 3 0 . 5 9 - 1 5 . 7 0 . 6 9 - 1 2 . 5 0 . 4
40 3 - 1 4 . 0 0 . 5 1 1 - 6 . 7 0 . 6 9 - 1 5 . 1 0 . 6 9 - 1 2 . 0 0 . 5
35 8 - 1 3 . 6 0 . 4 1 1 - 6 . 3 0 . 4 9 - 1 4 . 7 0 . 4 9 - 1 1 . 8 0 . 2
30 3 - 1 3 . 2 0 . 4 1 1 - 6 . 0 0 . 3 9 - 1 4 . 4 0 . 3 9 - 1 1 . 6 0 . 2
26 8 - 1 2 . 7 0 . 5 1 1 - 5 . 7 0 . 3 9 - 1 4 . 0 0 . 4 9 - 1 0 . 3 0 . 3
21 ■"•-12.4 0 . 3 1 1 - 5 . 4 0 . 3 9 - 1 3 . 7 0 . 3 9 - 1 2 . 8 0 . 1
17 8 - 1 2 . 2 0 . 2 1 1 - 5 . 0 0 . 4 9 - 1 3 . 5 0 . 2 9 - 1 0 . 0 0 . 2
13 3 - 1 1 . 5 0 . 7 1 1 - 4 . 2 0 . 8 9 - 1 2 . 8 0 . 7 9 - 9 . 6 0 . 4
Q 8 - 1 0 . 7 0 . 3 1 1 - 3 . 5 0 . 7 9 - 1 2 . 1 0 . 7 9 - 9 . 1 0 . 5
2 n- 1 0 . 3 0 . 4 1 1 - 3 . 4 0 . 1 9 - 1 2 . 1 0 . 0 9 - 8 . 7 0 . 4
*Data f o r  1 s t  r e c y c l i n g  o f  spec im en n o s .  20, 21,  22, 24,  
23, 29 and 30
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APPENDIX F
EXPERIMENTAL LENGTH CHANGE DATA
TABLE VI
T E M P . ° F
























70 9 - 1 5 . 8 _ 9 - 9 . 3 9 - 1 9 . 7 __
60 9 - 1 5 . 3 0 . 5 9 - 3 . 8 0 . 5 9 - 1 9 . 1 0 . 6
50 9 - 1 4 . 9 0 . 4 9 - S . 4 0 . 4 9 - 1 8 . 6 0 . 5
40 9 - 1 4 . 3 0 . 6 9 - 7 . 7 0 . 7 9 - 1 3 . 0 0 . 6
35 9 - 1 4 . 0 0 . 3 9 - 7 . 3 0 . 4 9 - 1 7 . 6 0 . 4
30 9 - 1 3 . 7 0 . 3 9 - 6 . 9 0 . 4 9 - 1 7 . 2 0 . 4
26 9 - 1 3 . 3 0 . 4 9 - 6 . 5 0 . 4 9 - 1 6 . 8 0 . 4
21 9 - 1 2 . 8 0 . 5 9 - 6 . 1 0 . 4 9 - 1 6 . 6 0 . 2
17 9 - 1 2 . 3 0 . 5 9 - 5 . 7 0 . 4 9 - 1 6 . 4 0 . 2
13 9 - 1 2 . 0 0 . 3 9 - 5 . 0 0 . 7 9 - 1 5 . 9 0 . 5
9 9 - H . 7 0 . 3 9 - 4 . 5 0 . 5 9 - 1 5 . 3 0 . 6
2 9 - 1 1 . 3 0 . 4 9 - 4 . 3 0 . 2 9 - 1 5 . 4 + 0 . 1
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APPENDIX F
EXPERIMENTAL LENGTH CH&NC-E DATA
TA3LE VI
T E M P . V

























70 8 - 1 4 . 9 - 1 1 - 7 . 6 9 - 1 6 . 4 — 9 - 1 2 . 9 —
60 8 - 1 4 . 3 0 . 6 1 1 - 7 . 1 0 . 5 9 - 1 5 . 8 0 . 6 9 - 1 2 . 4 0 . 5
45 3 - 1 3 . 7 0 . 6 1 1 - 6 . 6 0 . 5 9 - 1 5 . 2 0 . 6 9 - 1 1 . 9 0 . 5
40 8 - 1 3 . 3 0 . 4 1 1 - 6 . 2 0 . 4 9 - 1 4 . 8 0 . 4 9 - H . 5 0 . 4
35 q- 1 2 . 9 0 . 4 1 1 - 5 . 8 0 . 4 9 - 1 4 . 4 0 . 4 9 - 1 1 . 1 0 . 4
27 8 - 1 2 . 4 0 . 5 1 1 - 5 . 4 0 . 4 9 - 1 4 . 0 0 . 4 9 - 1 0 . 7 0 . 4
22 3 - 1 2 . 1 0 . 3 1 1 - 5 . 4 0 . 4 9 - 1 3 . 5 0 . 5 9 - 1 0 . 4 0 . 3
17 3 - 1 1 . 7 0 . 4 1 1 - 4 . 5 0 . 5 9 - 1 3 . 1 0 . 4 9 - 1 0 . 0 0 . 4
14 3 - 1 1 . 5 0 . 2 1 1 - 4 . 5 0 . 1 9 - 1 3 . 0 0 . 1 9 - 9 . 8 0 . 2
10 3 - 1 1 . 4 0 . 1 1 1 - 4 . 3 0 . 1 9 - 1 2 . 9 0 . 1 9 - 9 . 7 0 . 1
4 8 - 1 1 . 4 0 . 1 1 1 - 3 . 0 1 . 3 9 - 1 1 . 9 1 . 0 9 - 8 . 7 1 . 0
0 3 - 1 1 . 1 + 0 . 5 U - 3 . 9 + 0 . 9 9 - 1 2 . 2 + 0 . 3 9 - 9 . 1 + 0 .4
'"'Data f o r  2nd r e c y c l i n g  o f  specim en n o s .  20, 21 ,  22,  2-4, 
23,  2 9 , and 30
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APPENDIX F
EXPERIMENTAL LENGTH CHANGE DATA
TABLE VI
T E M P.V






















70 9 - 1 5 . 5 - 9 - 3 . 8 — 9 - 1 9 . 5 —
60 9 - 1 5 . 0 0 . 5 9 - 8 . 3 0 . 5 9 - 1 8 . 9 0 . 6
45 9 - 1 4 . 4 0 . 6 9 - 7 . 8 0 . 5 9 - 1 8 . 4 0 . 5
40 9 - 1 4 . 0 0 . 4 9 - 7 . 4 0 . 4 9 - 1 7 . 9 0 . 5
35 9 - 1 3 . 6 0 . 4 9 - 7 . 0 0 . 4 9 - 1 7 . 4 0 . 5
27 9 - 1 3 . 1 0 . 5 9 - 6 . 5 0 . 5 9 - 1 7 . 0 0 . 4
22 9 - 1 2 . 9 0 . 3 9 - 6 . 0 0 . 5 9 - 1 6 . 7 0 . 3
17 9 - 1 2 . 5 0 . 4 9 - 5 . 5 0 . 5 9 - 1 6 . 3 0 . 4
14 9 - 1 2 . 4 0 . 1 9 - 5 . 5 0 . 0 9 - 1 6 . 5
OJ•o+
10 9 - 1 2 . 3 0 . 1 9 - 5 . 4 0 . 1 9 - 1 6 . 8 *0 .3
4 9 - 1 1 . 1 1 . 2 9 - 4 . 5 0 . 9 9 - 1 6 . 5 0 . 3
0 9 - 1 2 . 1 + 1 .0 9 - 5 . 5 + 1 . 0 9 - 1 7 . 7 *1 .2
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In  September,  1956, he e n r o l l e d  a t  A ssum ption  High  
S c h o o l ,  'where he o b t a in e d  h i s  s econ d ary  e d u c a t i o n .
In  September,  19 6 1 he e n t e r e d  f i r s t  y e a r  e n g i n e e r ­
i n g  a t  th e  U n i v e r s i t y  o f  Windsor,  V/indsor O n ta r io .
In  May, 1965, he was graduated  from th e  U n i v e r s i t y  
o f  Windsor w i t h  a B a c h e lo r  o f  A p p l ie d  S c i e n c e  De­
g r e e  i n  C i v i l  E n g i n e e r i n g .  In September,  1965, he  
c o n t in u e d  s t u d i e s  a t  t h e  U n i v e r s i t y  o f  Windsor i n  
o r d e r  to  o b t a i n  t h e  d e g r e e  o f  M aster  o f  A p p l ie d  
S c ie n c e  i n  C i v i l  E n g i n e e r i n g .
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